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i
Abstract
This thesis presents closed loop control of active Gurney flaps on rotors. Firstly, it builds on
the Helicopter Multi-Block 2 CFD solver of the University of Liverpool and demonstrates the imple-
mentation and use of Gurney flaps on wings, and rotors. The idea is to flag any cell face within the
computational mesh with a solid, no slip boundary condition. Hence the infinitely thin Gurney can be
approximated by “blocking cells” in the mesh. Comparison between thick Gurney flaps and infinitely
thin Gurneys showed no difference on the integrated loads, the same flow structure was captured and
the same vortices were identified ahead and behind the Gurney. The results presented for various test
cases suggest that the method is simple and efficient and it can therefore be used for routine analysis of
rotors with Gurney flaps.
The potential effect of a Gurney flap all over the performance of the W3-Sokol rotor blade in
hover was studied next. A rigid blade was first considered and the calculations were conducted at several
thrust settings. The Gurney flap was extended from 46%R to 66%R and it was located at the trailing
edge of the main rotor blade. Four different sizes of Gurney flaps were studied, 2%, 1%, 0.5% and 0.3%
of the chord, and the biggest flap proved to be the most effective. A second study considered elastic
blades with and without the Gurney flap. The results were trimmed at the same thrust values as the rigid
blade and indicate an increase of aerodynamic performance when the Gurney flap is used, especially for
high thrust cases.
Moreover, the performance of the W3-Sokol rotor in forward flight with and without Gurney flap
was tested. Rigid and elastic blade models were considered and calculations were guided using flight
test data. The Gurney flap was extended from 40%R to 65%R, while the size of the Gurney was selected
to be 2% of the chord based on the hover study. All results were trimmed to the same thrust as flight
tests. The harmonic analysis of the flight test data proved to be a useful tool for identifying vibrations
on the rotor caused by stall at the retreating side, and a carefully designed Gurney flap and actuation
schedule were essential to alleviate the effects of flow separation.
The last part of the thesis is dedicated to a closed loop actuation of the Gurney flap based on
the leading edge pressure divergence criterion. The effect of the Gurney flap on the trimming of a full
helicopter model, as well as the handling qualities of the rotorcraft were investigated.
To the author’s knowledge this is the first attempt to study the effect of active Gurney flaps
on elastic rotors with 3D CFD in a closed loop control for retreating blade stall alleviation and hover
performance enhancement. The idea is that Gurney will stay deployed during the hover and it will be
actuated based on the forward flight demands in order to enhance the rotorcraft capabilities.
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Chapter 1
Introduction
1.1 Background-Motivation
The helicopter is a sophisticated, versatile and reliable aircraft of extraordinary capabilities. Its contribu-
tion to civil and military operations due to its high versatibility is significant and is the reason for further
research on the enhancement of its performance. Rotor is the key part of the helicopter as it produces the
thrust needed for hover flight and the horizontal propulsive force for forward flight. Moreover, it pro-
vides the pilot with the ability to control the attitude and position of the helicopter. Unlike a fixed-wing
aircraft the flow field where the rotor operates is more complex and it is well described by Seddon[1].
In level forward flight the rotor is edgewise on to the airstream, a basically unnatural state for propeller
functioning. Practical complications which arise from this have been resolved by the introduction of
mechanical devices, the functioning of which in turn adds to the complexity of the aerodynamics. Fig.
1.1 presents the rotor disk as seen from above. The blade is rotating counter-clockwise with a rotational
speed W. The forward flight velocity is V , the radius of the blade is R, and the ratio V=WR is known
as the advance ratio m of the rotor. The value of m is normally between zero and 0:5. Azimuth angle
Y is measured from the back of the disk, and the advancing side is defined for 0<Y< 180, while the
retreating side is for 180 < Y < 360. In Fig. 1.1 the blade is shown at Y = 90o and Y = 270o. These
are the positions of maximum and minimum relative air velocity normal to the blade. If the blade was
1
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rotating at fixed collective then much more lift would be generated on the advancing side than on the
retreating side. The consequences of this imbalance would be large oscillatory bending stresses at the
blade roots and a large rolling moment on the helicopter. Both structurally and dynamically the rotor-
craft would be unable to fly. As a result an azimuthal variation in blade incidence is needed to balance
lift on the two sides. This is achieved with the flapping hinges which allow the blade to flap up and down
during rotation. Thus as the blade moves on to the advancing side, the rise in relative velocity increases
the lift, causing the blade to flap upwards. This motion reduces the effective blade incidence thereby
reducing the lift and ultimately allowing the blade to flap down again. On the retreating side the reverse
process occurs. The fore and aft sectors now carry the main lift load. The total lift can also be restored
by altering the collective around the azimuth, but as this is done, the retreating blade, producing lift at
relatively low airspeed, will stall.
Figure 1.1: Rotor disk showing velocities in forward flight. View from top.
2
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Compressibility effects are now present both on the advancing side where the Mach number is
high and on the retreating side where lower Mach number is combined with high blade incidence. A
tendency for the retreating blade to stall in forward flight is inherent in all present-day helicopters and is
a major factor in limiting their forward speed. Just as the stall of an airplane wing limits the low speed
possibilities of the airplane, the stall of a rotor blade limits the high speed potential of a helicopter.
Upon entry into blade stall, the first effect is generally a noticeable vibration of the helicopter.
This is followed by a rolling tendency and a tendency for the nose to pitch up. The tendency to pitch up
may be relatively insignificant for helicopters with semirigid rotor systems due to pendular action. If the
cyclic stick is held forward and collective pitch is not reduced or is increased, this condition becomes
aggravated; the vibration greatly increases, and control may be lost. The major warnings of approaching
retreating blade stall conditions are:
-Abnormal vibration
-Pitch-up of the nose
-Tendency for the helicopter to roll in the direction of the stalled side.
At high forward airspeeds, the following conditions are most likely to produce blade stall:
-High blade loading (high gross weight)
-Low rotor RPM
-High density altitude
-Steep or abrupt turns
Nowadays, the expectations for more efficient military and civil rotorcraft which will be faster,
easier to control and invisible are very high. To achieve these goals emphasis has been placed on control
of the flow around the rotor for aerodynamic enhancement, vibration decrease and noise elimination.
Modern flow control has a great influence on every major area of aeronautic engineering such as ex-
ternal aerodynamic enhancement, internal flows through propulsion engines, aero-acoustics and control
of turbulence. The ability to change the flow behaviour to a great extent, while a small amount of en-
ergy is required, consists the gain of flow control techniques. Thus, the understanding of the stability
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characteristics of the flow is necessary to control it.
Referring to Gad-El-Hak[2], to choose a specific type of flow control, the presence or lack of wall,
the Reynolds number, the Mach number and the flow instabilities should be taken into consideration.
The interrelation between different control goals shows that engineers have to make compromises to
achieve at least some of the goals. The first way to classify a flow control method is by indicating
whether the control is applied at the wall or away from it. Parameters such as wall surface, temperature,
mass transfer, suction or injection, different additives and control devices are some examples which can
influence the flow. A second classification has to do with the energy expenditure and the control loop
involved. There is passive control which needs no power and no control loop, and active control which
requires energy expenditure. As far as the active control goes, it is further divided into predetermined
and reactive. The predetermined control is not affected by the particular state of flow and requires no
sensors, while in reactive control the input is always adjusted based on some measurements. Reactive
control can be either feed-forward or feedback. Reactive feedback is classified into four categories:
adaptive, physical model based, dynamical-systems based, and optimal control.
At this section, the current state of art considering flow control devices for helicopter rotors will
be presented after the compilation of a literature survey. For this survey several databases and keywords
were used. The results for each of them are presented in Table 1.1. The search was based on keywords
found in the title as well as the abstracts of the publications, which justify the total number of the results.
In addition these keywords were always combined with the "fluid dynamics" keyword. After removing
the irrelevant papers and focusing on the research done the last twenty years the results found were
considerably decreased.
From this survey it is pointed out that the variety of flow control devices can be classified into
two categories. The first contains fluidic mechanisms that try to change the flow behaviour by adding
or removing momentum where is needed. Surface blowing circulation control, surface suction devices,
jets vortex generators, synthetic jets and plasma technology are such devices. On the other hand, there
are devices which do not affect directly the flow characteristics, but they contribute to the control of the
flow by altering the shape of the body. Leading-edge slats, drooped leading-edge, trailing-edge flaps and
4
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Figure 1.2: Classification of flow control strategies[2].
Gurney flaps are common mechanisms of this second category. However, the way these devices are used
and their effectiveness on flow control is strongly related with the specific target of the control. That may
be the delay of flow separation caused by dynamic stall or BVI or even the blade vibration decrease,
and noise diminution. Another significant factor which is considered when choosing the appropriate
device is the type of control, as classified above by Gad-El-Hak[2], the energy that will be consumed and
the load penalty. These characteristics make flow control a demanding and challenging process which,
however, has the potential to improve aerodynamic performance and extend the capabilities of current
rotor systems. Figure 1.3 presents the interrelation between flow control objectives to give an idea of
how strongly they are connected.
The target of this research is the investigation of the potentials and limitations of flow control
devices and the suggestion of an innovative flow control mechanism for helicopter rotor. As this in-
troduction continues both experiments and CFD computations will be presented to show in detail how
5
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Database Key-word Hits
Scopus Helicopter performance 248
Scopus Aerodynamic enhancement for helicopter rotors 12
Scopus Flow control devices for rotors 32
Scopus Active flow control 558
Scopus Passive flow control 197
AIAA Helicopter performance 200
AIAA Aerodynamic enhancement for helicopter rotors 64
AIAA Flow control devices for rotors 200
AIAA Active flow control 200
AIAA Passive flow control 200
DLR Helicopter performance 81
DLR Aerodynamic enhancement for helicopter rotors 223
DLR Flow control devices for rotors 226
DLR Active flow control 47
DLR Passive flow control 36
NTRS Helicopter performance 466
NTRS Aerodynamic enhancement for helicopter rotors 123
NTRS Flow control devices for rotors 430
NTRS Active flow control 140
NTRS Passive flow control 818
Table 1.1: Databases results for literature survey.
control devices were used in the past twenty years until present and to analyse their effects in the be-
haviour of the flow. All flow control devices analysed here were found to offer substantial benefits to the
performance of the rotors. There are, however, difficulties regarding the efficient simulation of these de-
vices using CFD. The most important issue identified were the large differences in spatial and temporal
flow scales that had to be modelled.
Considering the performance of a helicopter, the weight-speed envelope faces limitations due to
the advancing blade restricting speed and due to the retreating blade stall restricting weight. In order
to minimise these limitations, drag should be decreased and pitching moment should be controlled at
the advancing side, while maximum lift without stall should be achieved at the retreating side. As a
result, flow control devices must affect these requirements in order to be suitable for rotor application.
According to Bousman’s Dynamic stall function [3] presented in Figure 1.4 at the end of this survey
the flow control mechanisms will be classified in terms of increase of lift coefficient and decrease of
moment coefficient.
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Figure 1.3: Interrelation between flow control goals [2].
1.2 Fluidic devices
1.2.1 Vortex Generators
Vortex generators were first introduced by Taylor [4], and their principle of operation relies on the in-
creased mixing between the external stream and the boundary layer due to longitudinal vortices pro-
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Figure 1.4: Optimising for dynamic stall control - Bousman’s dynamic stall function [3].
duced by the VGs. Fluid particles with high momentum in the streamwise direction mix with the low
momentum viscous flow inside the boundary layer, thereby, the mean streamwise momentum of the
fluid particles in the boundary-layer is increased. The process provides a continuous source of momen-
tum to counter the natural boundary-layer momentum decrease and the growth of its thickness caused
by viscous friction and adverse pressure gradients. Vortex generators can reduce or eliminate flow sepa-
ration in moderate adverse pressure gradient environments. Even when separation does occur for cases
of large adverse pressure gradient, the mixing action of trailing vortices will restrict the reversed flow
region in the shear layer and help maintain some pressure recovery along the separated flow. Thus the
effects of separation may be localised or minimised.
The concept of micro vortex generators was most probably first introduced by Keuthe in the
1970s [5]. In his work, wave-type micro VGwith height of 27% and 42% of the boundary layer thickness
were installed on an aerofoil to reduce trailing edge noise by suppressing the formation of a Karman
vortex street and by reducing the velocity deficit in the aerofoil wake. Since the late 1980s, these devices
appeared in the literature under different names such as sub-boundary layer vortex generator [6] (SBVG),
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submerged vortex generator [7], low-profile vortex generator [8] and micro vortex generator [9].
The main difference between the SBVG and the VG is in terms of the device height. In general,
the velocity deficit within a turbulent boundary layer is dominant near the wall within the inner 20% of
the boundary layer thickness. In that region, an adverse external pressure gradient tends to lower the ve-
locity and thus promotes flow separation. Although both devices operate based on a similar mechanism
(generation of streamwise vortex), there are some major differences. For example, the SBVG produces
a larger velocity gradient close to the wall and has a stronger and lower deficit region in the profile. A
vortex generator achieves boundary-layer control only at the penalty of possible considerable drag. A
sub-boundary vortex generator produces vortices that travel downstream along the surface, causing flow
mixing between the inner layers of the boundary layer. Although these SBVGs will produce extra drag
as compared with a clean surface, their drag penalty is less than with VGs.
The wide range of conditions where the rotor is operating at makes the parasitic drag a partic-
ular limitation, which consists the main drawback of VGs. The only way to avoid this problem is the
use of sub-boundary layer VGs as they remain within the low energy flow in the boundary layer and
consequently they have low drag. On the other hand, Linet al. [9][10] used SBVGs on a multi-element
aerofoil in a landing configuration and showed that VGs as small as 0.18% of reference wing chord
can effectively reduce boundary layer separation on the flap which will lead to reduction of drag and
increase of lift for a given angle of attack. In fact during his experimental study trapezoidal vanes were
placed on the 25% of the chord of the flap of a wing at flow conditions M=0.2 and Re= 5106 creating
counter-rotating vortices, and they achieved a 10% lift increase, 50% drag decrease and 100% increase
of L/D ratio.
As stated in Kenning’s review[11] the potential applications of VGs and SBVGs include control
of leading edge separation, shock induced separation and smooth surface separation. SBVGs have less
parasitic drag but in case of shock induced separation they must be located closer to the separation line
which may be a major limitation in the unsteady application of the rotorcraft. Sub-boundary vortex
generators have also been studied at ONERA by Meunier et al. [12] as part of AEROMEMS Project in
order to control separation on a variable sweep wing. The results of this study show that the efficiency
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of SBVGs is linked with local boundary thickness which dependents on Reynolds number and angle
of incidence. Ashill et al. [13] also performed a separation control experiment where separation was
introduced by placing a bump in the test section. The turbulent boundary layer tunnel was used with a
free stream velocity of 40m=s and a boundary layer thickness of 40mm over the bump. Three types of
SBVGs including the micro ramp, micro vane and split micro vane (with a gap g= 1h) were tested. All
the devices had the same height of h= 10mm, resulting in a height ratio of h=d = 0:25. Laser Doppler
anemometry (LDA) was used to perform velocity measurement in streamwise and lateral planes. The
velocity fields revealed a significant reduction of the separation region at the rear of the bump for all
three devices, furthermore it was found that the split micro vane yielded the best results.
Figure 1.5: Array of counter rotating triangular vortex generators[10].
1.2.2 Air-Jet Vortex Generators
Flow separation is a complex phenomenon influenced by a combination of factors, of which adverse
pressure gradients play a significant role. Adverse pressure gradients may reduce the relative motion
between the various fluid particles within the boundary layer. If this relative motion is reduced to a
sufficient level, the boundary layer can separate from the surface. Furnishing the boundary layer with
additional momentum may allow greater penetration against adverse pressure gradients with a reduction
in the magnitude of flow separation. Generating a series of longitudinal vortices over the surface of
an aerofoil is one technique for achieving this aim. Transferring high momentum free-stream fluid
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to the near wall region provides the boundary layer with additional momentum. The presence of a
series of vortices again promotes such behaviour. An alternative to vane vortex generators is an active
fluid jet vortex generator. The first practical application of the technique is attributed to Wallis. Fluid
injection via inclined and skewed wall-bounded jets act to induce longitudinal vortices for flow control,
instead of solid vane vortex generators. Air jet vortex generators usually consist of an array of small
orifices embedded in a surface and supplied by a pressurised air source, wherein longitudinal vortices
are induced by the interaction between the jets issuing from each orifice and a free-stream fluid flow. The
orifices are pitched at angle F with respect to the surface tangent and skewed at angle Y with respect to
free-stream flow. Prior studies have highlighted the advantages of carefully selecting parameters such as
the pitch and skew of the jet axis, as well as the orientation and the preference of certain orifice shapes.
Freestone performed a study at low speeds and identified that the optimum jet orientation for maximum
vorticity generation was a pitch angle of 30 deg and a skew angle of 60 deg. With this orientation
the resulting vortex strength could match and, in some cases, exceed that generated by an equivalent
vane vortex generator. Prince et al. [14, 15] compared the effectiveness of passive and active blowing
over a NACA 23012 and a NACA 632  217 and showed that by comparing the ratio CL=(CD +CM)
it is obvious that active AJVGs are more effective than passive ones only at highest angles of attack.
Moreover, a very important factor for the passive system is the pressure difference between the air-
jet intake and exit which drives the flow through the duct. For that reason Krzysiak proposed to use
the aerofoil overpressure regions as a source of the air for the AJVGs. These self-supplying air-jet
vortex generators are characterised by the fact that they remain inactive at low angles of attack and
only become active at higher angles of attack, close to critical values, as a result of the greater pressure
difference between the upper and the lower aerofoil surfaces. However, although this type of AJVG
is technically significantly simpler than the conventional one it works well, and delays separation only
for Mach number up to 0.4, but for higher speeds its influence deteriorates. Shunet al. [16] studied
experimentally the exponential injection scheme firstly introduced by Eroglu and Breidenthal over a
NACA 63-421 aerofoil. The exponential jet appears to be a promising device for separation control as
the velocity profile varies in space, but not time. Its main features are an injection width that increases by
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a given factor of e (2.71828) and a fluid injection velocity profile that also increases by the same given
factor. The experiment showed that the exponential jet produces worthwhile performance gains and an
increase in energy efficiency. In many cases it was found that the conventional vortex generators could
be successfully replaced by the air-jet vortex generators for boundary-layer control because of the ease
of control accompanied by a minimal drag penalty [14]. However, the complexity of the installation of
AJVGs in comparison with the simplicity of the vane vortex generators has limited their practical usage.
The identification of the optimum air-jet configuration is not simple and needs careful study, because
the effectiveness of AJVGs depends on a number of parameters such as the pitch and skew angles,
the jet mass-flow rate, the ratio of the boundary-layer thickness to the jet diameter, the jet Reynolds
number, and the ratio of mean jet velocity to mean free-stream velocity. In addition, using active or
passive blowing depends on the energy required and its source such as the engine of the helicopter in
which intake air can be bled away to feed the jets. In this case, the system will result in a small loss
in engine efficiency, equivalent to an increase in parasitic drag which must be taken into consideration
when calculating the overall efficiency of AJVGs. A research that could lead to useful conclusions
concerning the application of AJVGs in helicopter rotors is conducted by Singh et al. [17]. In that study
two arrays of AJVGs were located at x/c=0.12 and x/c=0.62 on an oscillating RAE 9645 aerofoil. The
effect of operating only the one or both of the arrays, as well as the influence of blowing rate were
investigated and the results showed that blowing from the front array atCm = 0:01 is more effective than
blowing either from the rear array or from both arrays simultaneously. However this work is restricted
to low-speed dynamic stall. For most helicopters the retreating blade operates at Mach number of about
0.4, which means that the blowing requirements may increase under these conditions and the optimum
location of the arrays may also change. Furthermore, the sensitivity of AJVG at real rotor effects such
as flow skew angle, radial flow, and time-varying Mach number may also be an issue. Finally, if the
AJVG is used around the azimuth, then its influence on the advancing side has to be investigated.
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1.2.3 Synthetic Jets
Synthetic jets consist of a vibrating diaphragm at the base of a small cavity just under the aerofoil
surface. The diaphragm is activated electrostatically or through the use of a piezoelectric material with
frequencies that span 1-14 kHz. A small hole through the surface allows the production of a stream of
ring vortices travelling out from the surface as shown in the schematic.
Hassanet al. [18][19] showed by numerical study that zero-net-mass jets can, with careful selection
of their peak amplitude and oscillation frequency, enhance the lift characteristics of aerofoils. Indeed, a
NACA0012 was used at a free-stream Mach number of 0.6 and Reynolds number Re = 3x106 and for
jet velocities 0.05, 0.1 and 0.2. It is shown that as the jet velocity is increased the lift is increase while
the moment and drag are decreased. As far as rotor blades is concerned two arrays of synthetic jets
can be used to change the local pressure distribution near the leading edge resulting in lower temporal
pressure gradients and lower Blade Vortex Interaction noise levels. The effectiveness of these devices
for lift enhancement increases with the increase of free-stream Mach number and the decrease of the
ratio between the jet Mach number and free-stream Mach number. When comparing synthetic jets with
AJVGs the advantage is that it is easier to provide power rather than air. On the other hand, researchers
must always keep in mind that the implementation of any device will be pointless if the power needed
exceeds the power gained by controlling the flow.
1.2.4 Surface Blowing Circulation
Blowing air tangentially to the aerofoil surface has been employed both at leading and trailing edges
of the wings. Park[20] showed that in the case of uniform blowing from a slot, the skin friction on the
slot rapidly increased. The near wall stream-wise vortices were lifted up by blowing, and as a result the
interaction of the vortices with the wall became weaker. Moreover, the lifted vortices became stronger in
the downstream due to less viscous diffusion above the slot and more tilting and stretching downstream
of the slot, resulting in the increase of the turbulence intensities as well as the skin friction downstream
of the slot. Yung[21] investigated numerically the concept of upper-surface blowing over a NACA 0012
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which has been tested in the Army’s water tunnel at NASA Ames Research Centre in the early 1980s.
The aerofoil was oscillating with a pitching motion of a = 10deg+ 10deg x sin(2p f t), a reduced
frequency k of 0:49, and a Reynolds number of 30;000. The tangential blowing slot was located at the
quarter chord on the upper surface of the aerofoil. Three blowing rates were tested. Without blowing
(Cm = 0:0) the aerofoil stall at 13 deg. For the case of injection at twice the free-stream velocity the
blowing delays the stall until about 25 deg. and shows a moderate amount of increase in lift. For the
third case where the injection was four times the free-stream velocity there is no sign of stall even at 30
deg, while the lift is higher compared to the second case. Again the power losses related to a blowing
system are difficult to estimate without undertaking a full rotorcraft design study. The experimental
results show that the upper-surface blowing concept delays the dynamic stall phenomenon by trapping
the stall vortex. Further study with the computational method indicates that a stall vortex does not form
on the airfoil when there is upper-surface blowing at the quarter chord. Although the concept seems
to have some effectiveness in delaying dynamic stall, the application of these concepts to rotorcraft
requires further tests on the effects of high Mach numbers and high Reynolds numbers.
Mitchell et al. [22] of ONERA also used blowing circulation as a method to control the vortex
breakdown location. In general the vortex breakdown phenomenon can be characterised by a rapid
deceleration of both the axial and swirl components of the mean velocity and, at the same time, a
dramatic expansion of the vortex core. The no-blowing configuration Cl = 0 of the delta wing was
examined for U=15, 24, and 40 m/s at a=20, 27, 30, and 40 deg. The Reynolds numbers associated with
each U are, respectively, Rec = 9:75x105 , 1:56x106 , and 2:6x106. Open-loop, asymmetric, blowing
along the core of the port-side leading-edge vortex on the leeward surface of the delta wing was shown
to be effective for controlling the vortex breakdown-location over the delta wing.
1.2.5 Surface Suction
In the case of highly manoeuvrable aircraft like helicopters, suction technique can be applied to delay
stall by delaying the detachment of stall vortex and taking advantage of the increased dynamic lift. The
objective of Karim’s experimental study[23] was to reduce the Dynamic-Stall Vortex (DSV) formed on
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a NACA0012 by removing the reverse-flowing fluid at the same rate as it arrives in the leading-edge
region. It is shown that the pitch rate of the aerofoil is the main factor that influences the suction
requirements and when this rate is low the Reynolds number becomes significant as the transition of
turbulence in the shear layer makes the flow more complex. The location of the slot used for the suction
is less important, as long as it is the area where the reverse-flowing fluid can be removed and when the
suction is applied in a uniform way it requires less velocity and therefore energy rather than when it is
applied in a concentrated way. As far as the suction activation goes, this should happen before the angle
at which the shear layer lift-up takes place and the control should be continued as long as it is desired as
if its termination before the right time will lead to an immediate formation of the dynamic-stall vortex.
Badram et al. [24] and Lorberet al. [25] investigated the effect of suction on the wing surface on vortex
break-down with leading-edge suction and surface suction. In first the case suction was found to be more
effective in delaying vortex breakdown for suction slits closer to the leading edge. On the other side, the
exact mechanism of how the surface suction affects the vortex breakdown was not clear. Surface suction
is also being studied as a means to reduce viscous drag by delaying laminar to turbulent boundary layer
transition, but as a conclusion surface suction is less effective than leading-edge suction.
1.2.6 Plasma technology
The last few years researchers [26],[27],[28],[29] have focused on Plasma technology for enhancing the
flow around aerofoils and wings. Caruanaet al. [30] describes the plasma technology and its applications
on aerodynamic control for civil aircraft as part of PLASMAERO project. The technology of plasma
can be classified into the family of the active means of control. The advantages of using plasma are
located at the fact that their use can be of a big simplicity, their high frequency of functioning will allow
a real-time control, their consumption of electric energy is reduced and no pneumatic circuit is useful.
According to Post[31] the main advantages of Plasma are:
1) They are fully electronic with no mechanical parts and, therefore, are able to withstand high force
loading.
2) They can be laminated onto wing surfaces and, therefore, they do not require slots or cavities.
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3) They have a broad frequency-response bandwidth so that they can have fast response for feedback
control.
The plasma actuator consists of two copper electrodes separated by a dielectric insulator. The
electrodes are supplied with a high order AC voltage. When the voltage is sufficiently high, the sur-
rounding air ionises and plasma forms in the regions of high electrical field potential. These regions
are generally located at the edges of the electrode(s) exposed to the air. The ionised air, in the presence
of an electric field gradient, results in a body force on the flow. The body force is a vector that can be
tailored for a given application through the orientation and design of the electrode geometry. One of the
applications of plasma studied in ONERA was the separation re-attachment using dielectric barrier dis-
charge (DBD) for the generation of plasma. For that method a non-thermal plasma is generated by the
application of a high-voltage discharge between two electrodes (5 to 50 kV) which creates an ionisation
field, which generates regions where the density of one species, positive or negative ions, is dominant,
and amongst the outcomes, a corresponding ionic wind due to the movement of ions at the surface of the
aerofoil very close to the wall. This adds flow momentum to the main flow that can influence or modify
the aerodynamic parameters like boundary layer velocities.
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1.3 Non-fluidic devices
1.3.1 Leading-edge Geometries
Putting a slot in an aerofoil to permit airflow from the lower surface to the upper surface has the potential
to increase maximum lift coefficients. The maximum lift coefficient of the slotted aerofoils is signifi-
cantly increased compared to that of the baseline aerofoil. However, a large drag penalty is observed
for the slotted aerofoils, especially at low angles of attack. Apart from leading edge slats, variable
droop leading edge (VDLE) has been tested in many cases both experimentally and numerically. In
both Chandrasekhara et al. [32][33][34] and Martin et al. [35] studies delay of dynamic stall is observed by
the use of VDLE. Dynamically drooped leading-edge nose has been shown to significantly reduce or
eliminate the massive flow separation and the dynamic stall vortex for a given angle of attack condition.
Another case of leading edge modification is that of Huang and Mao[36], where the performance of a
wing model subjected to the influence of a leading-edge control rod was tested. In fact the separation
resistance of the boundary layer on a vibrating-rod controlled wing is remarkable larger than the natural.
More detailed results show that stall angle is delayed by around 80%, the maximum lift coefficient is
increased by 20% and the lift to drag ratio can be increased by 50% at large angles of attack.
1.3.2 Trailing-edge Flaps - Gurney flap
The use of Gurney flaps for lift enhancement is well established in the aerospace community and sev-
eral research works e.g. [37] document the advantages and disadvantages of these devices. The Gurney
flap was introduced by Dan Gurney and its aerodynamics was first studied by Liebeck[38]. This has
been followed by numerous experimental studies [39–41]. Tang and Dowell [42] compared the loading
of a NACA0012 wing section with both static and oscillating trailing-edge Gurney flaps using an in-
compressible Navier-Stokes code against experiments conducted in a wind tunnel by them. Due to the
scarcity of experimental data with dynamically deployed Gurney flaps this set of data has been used in
several computational studies [43–45].
The Gurney flap is a short flat plate placed at the trailing edge, perpendicular to the chord-line
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Figure 1.6: Double Gurney flaps on a Bell 222U helicopter vertical stabiliser (wikipedia).
on the pressure side of the aerofoil, and works by providing a stagnation area near the trailing edge
resulting in an increase of lift. It increases the zero lift angle and keeps the lift slope constant so there
is a decrease in the stall angle. The pitching moment coefficient is also increased (i.e. more nose down)
as presented in [46] and unless the Gurney is sized carefully, substantial drag penalties may also occur.
Based on the review of flow control mechanisms [47] Gurney flaps are generally less than 3% of the wing
chord. Previous studies [48] and [49] have concluded that the optimal height for a Gurney flap should be
close to the boundary layer thickness on the pressure side of the aerofoil. If the Gurney flap height is
smaller than the boundary layer thickness, then its influence is significantly decreased, while increasing
the size of the flap leads to a drag penalty.
Most of the studies found in the literature are dealing with commonly used aerofoils in rotorcraft
applications and try to derive conclusions concerning the potential effect of the Gurney flap on rotor
blades according to two-dimensional calculations. Several researchers [50], and [51]. [52] studied the
effects of Gurney flaps on the blade root loads and hub vibratory loads. In their study, a Gurney flap
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Figure 1.7: CFD visualisation of the flow pattern at the trailing edge with a Gurney flap.
was deployed over the entire span of the BO-105 rotor in forward flight with three different deployment
schedules. A carefully chosen azimuthal deployment schedule of the Gurney flap was found to reduce
the peak-to-peak variations in hub loads. The 4-per-revolution normal force at the hub was compared
with the loads for a higher harmonic controlled rotor and the baseline rotor. The simulations showed
that the Gurney flap deployment reduced by 80% the 4-per-rev normal force vibration. For the same
rotor in descending flight, a Gurney set at 30 degrees angle relative to the mean chord resulted in a 40%
decrease of the vertical descend rate. However, the Gurney flap resulted in local nose-down pitching
moment, which indicates that additional fluid-structure coupling analysis for aeroelastic deformation is
required.
Active Gurney flaps were also studied by Padthe et al. [53] to determine their effectiveness
in reducing noise and vibration in rotorcraft, as well as improving rotor performance. Active control
studies employing microflaps were conducted on a hingeless rotor configuration resembling the MBB
BO-105, and various spanwise configurations of the flaps, including a single, a dual, and a segmented
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five-flap configuration were evaluated. Results indicate that the Gurney flap is capable of substantial
reductions in blade vortex interaction (BVI) noise ranging from 3-6 dB. Vibration reduction ranging
from 70-90% was also demonstrated. Vibration and noise reduction was also examined at the same
time, and was found that reduction in one was linked to an increase on the other. Finally, the Gurney
flap appeared to be more effective in reducing the BVI noise at both advancing and retreating sides while
the plain flap was more effective in reducing the vibrations.
The effectiveness of a single active Gurney flap in reducing vibration of a UH-60A Blackhawk
helicopter in high-speed flight (m = 0:35) was studied by Bae and Gandhi [54]. An elastic blade was
considered and the Gurney flap was extending from 70%R to 80%R and was deployed to an amplitude
of 0.5% of the chord. The Gurney flap actuation was most influential in reducing the vertical vibratory
hub force. The most effective actuation input was 4/rev and it led to 80% reduction.
Comparing the above studies [52], [53], and [54], to the ones conducted by Milgram et al.[55], and
Viswamurthy and Ganguli [56] it seems that a Gurney flap can have a similar effect on the vibratory
loads of the rotor hub like a conventional trailing edge flap. Such a flap is used in [56] on a soft hingeless
rotor leading to a 72% reduction of the vibratory loads. However, the advantage of using a Gurney flap
compared to a trailing edge flap is on the amount of energy required for the actuation and the ease of the
implementation of the Gurney flap.
A further computational study [57] tried to assess active control mechanisms for rotor perfor-
mance enhancement. A four-bladed rotor was considered at medium (80kt) and high (150kt) speed
forward flight cases and the Gurney flap was assumed to be either completely deployed or retracted. A
significant increase in thrust for a given power was found when the Gurney was extended from 60%R
up to 100%R and activated at the retreating side, which agrees with the outcome of the study by Cheng
and Celi [58] who defined the optimum 2-per-revolution inputs in order to improve the rotor perfor-
mance by either increasing the thrust of the rotor or decreasing the torque requirement. However, the
positive effect of the Gurney was observed at medium speed flight while at high speed the performance
improvement diminished.
Gagliardi and Barakos[59] studied a low twist hovering rotor and the effects of trailing-edge flaps
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on its performance. A flap located inboard resulted in hover performance similar to a blade of 6 deg
more twist. At the same time, a reduction of the trim angles was observed. A flap located outboard did
not improve the performance of the rotor although by carefully optimising its configuration similar trim
benefits as for the inboard flap were achieved.
The majority of the previous studies are computational and there is a need for experimental
investigations of Gurney flaps on rotors.
Actuation mechanism
The small size the Gurney has the potential for high bandwidth active control with low actuation power
requirements and minimal impact to the blade structure when compared to conventional control sur-
faces. Piezoelectric materials could be used for the actuation mechanism of the Gurney. The existence
of piezoelectric materials have been known for many years and they have been widely researched with
numerous applications such as sonar, filters, microphones and mechanical actuators. The ceramic mate-
rial, for example lead zirconate titanate (PZT), generates an electrical charge in response to a mechanical
stress and also the converse; the application of an electric field results in a mechanical strain of the ce-
ramic material. The application of this effect can be used to apply loads to structures to achieve a
desirable deformation. Initially wafers of PZT were used directly as actuators, but the brittle nature of
the material and the low strains resulting from using the coupling term d31, rather than the more direct
d33 resulted in the processing of the PZT material into Macro-Fibre-Composites (MFC) and Multilayer
Composites, (MLC). Applying 500V to the wafer across the ’3’ direction of Fig. 1.8 results in a strain
of nearly 0:0005 in the ’1’ direction, whereas in the ’3’ directin the strain is double the value; however,
making use of the strain in this direction is difficult. The MFC and MLC make use of the d33 term by
using the PZT in different ways.
Fig. 1.9 presents the actuator mechanism designed by PZL Swidnik for the purposes of the
IMESCON project using piezoelectric actuators built by CEDRATTechnologies. More detailed schemat-
ics for the location and operation of the actuator are in Appendix A.
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Figure 1.8: Applying a voltage to a piezoceramic wafer.
Figure 1.9: Gurney flap actuation mechanism mounted inside the W3-Sokom main rotor blade.
1.4 Conclusion of the Literature Survey
Significant efforts have been made to delay or alleviate the retreating blade stall and improve the aero-
dynamic performance of rotorcraft. Passive and active control devices have been tested both experimen-
tally and numerically mainly in aerofoils and to a lower extent in helicopters main rotors, either scaled
or full models. As part of the Innovative Methods of Separated flow control project (IMESCON) the
following study will focus on the use of active Gurney flaps as a means of controlling the retreating
blade stall.
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So far, Gurney flaps were used as passive control devices on race cars and recently as active
control devices on rotorcraft for aerodynamic enhancement and alleviation of vibration. The control of
blade stall can be addressed with a 1/rev actuation of the flap which may alter the handling qualities
and the trimming of a helicopter. Thus, the main target of the current investigation is to prove that a
Gurney flap can be fully deployed during hover to increase the thrusting capability of the main rotor,
while in forward flight will be actuated on demand to delay or alleviate stall on the retreating side
without changing the manoeuvrability of the helicopter. Below, Tables 1.2, 1.3 summarise the most
significant studies focused on modelling Gurney flaps and their effect on helicopter rotors, as well as
the contribution of the current Ph.D. thesis.
The research goals of the study are presented as follows:
1. Infinitely thin Gurney flap implementation in HMB2 for linear and rotational actuation.
The Gurney flap will be modelled by applying solid boundary conditions on cell faces. The effect
of a zero thickness Gurney will be compared against experiments to investigate the importance of
the thickness of the flow characterisation near the Gurney area.
2. Comparison between Vortex Generators and Gurney flaps.
Unsteady static and pitching-translation calculations of a wing with these two devices will be
performed to investigate the potential of delaying the retreating blade stall and improving the
aerodynamic performance.
3. Investigation of the potential effect of a fixed Gurney flap on a main rotor in hover.
The main rotor of the W3-Sokol helicopter will be used for the computations and a complete
study will be conducted taking into account the aeroelasticity of the rotor in order to design an
optimum Gurney flap for aerodynamic enhancement.
4. Investigation of the potential effect of an active Gurney flap on retreating blade stall alleviation.
The optimum Gurney flap designed for the hover case will be used with a specific actuation
schedule to delay or decrease the separation of the flow at the retreating side of the rotor. The
computations will be based on real flight test data provided by the manufacturer of the helicopter,
23
1.4. SUMMARY CHAPTER 1. INTRODUCTION
while the actuation of the flap will be based on an open loop control.
5. Investigation of the effect of the Gurney flap in forward flight based on a closed loop control.
The pressure divergence criterion will be used to identify the stall and define the actuation sched-
ule of the Gurney in 2D aerofoils and in the full rotor.
6. Investigation of the effect of the 1/rev actuation of the flap on the trimming and handling qualities
of a full helicopter (including fuselage, main rotor, tail rotor).
A generic light utility helicopter model will be built in FLIGHTLAB and an active Gurney flap
will be implemented with the same actuation schedule derived from the CFD computations. Thus
the response of the model in the control inputs will be tested along with its ability to trim fast.
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Chapter 2
Mathematical models
Section 2.4 has been published in the conference proceedings of ERCOFTAC international symposium
“Unsteady separation in fluid-structure interaction", Mykonos, Greece, June 2013, and it is accepted in
AIAA Journal of Aircraft.
2.1 HMB2 CFD Solver
All computations were performed using the Helicopter Multi-Block (HMB2) flow solver developed at
the University of Liverpool [64]. The flow solver has been revised and updated over a number of years
and has been successfully applied to a variety of problems including cavity flows, dynamic stall, rotors,
wind turbines and full helicopter configurations amongst others. HMB is a 3D multi-block structured
solver for the Navier-Stokes equations in the 3D Cartesian frames of reference. The Navier-Stokes
equations consist of Partial Differential Equations (PDEs) describing the laws of conservation for:
• mass (continuity equation),
• momentum (Newton’s 2nd Law), and
• energy (1st Law of Thermodynamics).
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The continuity equation simply states that the mass must be conserved. In Cartesian coordinates, xi, this
is written as
¶r
¶ t
+
¶ (rui)
¶xi
= 0 (2.1)
where r is the density of the fluid, t is the time and ui is the velocity vector. In the above, Einstein’s
notation is used, which implies summation for repeated indices.
The second conservation principle states that momentum must be conserved. It is written in
Cartesian coordinates as
¶ (rui)
¶ t
+
¶ (ruiu j)
¶x j
= r fi  ¶ p¶xi +
¶ti j
¶x j
(2.2)
where fi represents body forces, p the pressure and ti j the Newtonian stress tensor, which is defined as
ti j = m

¶ui
¶x j
+
¶u j
¶xi

  2
3
di j
¶uk
¶xk

; (2.3)
with m the molecular viscosity and di j the Kronecker delta, defined as
di j =
8>><>>:
1 if i=j
0 otherwise
(2.4)
The third principle can be written in Cartesian coordinates as
¶rE
¶ t
+
¶
¶x j
[ui (rE+ p)]  ¶¶x j (uiti j q j) = 0: (2.5)
where E is the total energy of the fluid per unit volume, defined as
E =

e+
1
2
uiui

(2.6)
and e is the specific internal energy with uiui representing the kinetic energy.
The heat flux vector, qi, is calculated using Fourier’s Law
qi = kT ¶T¶xi (2.7)
where kT is the heat transfer coefficient and T is the temperature of the fluid.
An ideal gas approximation is used, and the adiabatic index is set to g = 1:4. Sutherland’s law
is used to calculate the viscosity:
m = mre f

T
Tre f
 3
2 Tre f +TSuth
T +TSuth
(2.8)
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2.1.1 Vector Form of the Conservation Laws
These three laws of conservation can be combined and written in the equation shown below, which is
referred to as the Navier-Stokes equation of viscous flow. For brevity, vector notation is used
¶W
¶ t
+
¶
 
Fi+Fv

¶x
+
¶
 
Gi+Gv

¶y
+
¶
 
Hi+Hv

¶ z
= SNS (2.9)
whereW is the vector of conserved variables and is defined by
W= (r;ru;rv;rw;rE)T (2.10)
with the variables r , u, v, w, p and E having their usual meaning of density, the three components of
velocity, pressure and total energy, respectively. The superscripts i and v in Equation 2.9 denote the
inviscid and viscid components of the flux vectors F (in the x-direction), G (in the y-direction) and H
(in the z-direction). The inviscid flux vectors, Fi, Gi and Hi, are given by
Fi =
 
ru;ru2+ p;ruv;ruw;u(rE+ p)
T
;
Gi =
 
rv;ruv;rv2+ p;rvw;v(rE+ p)
T
;
Hi =
 
rw;ruw;rvw;rw2+ p;w(rE+ p)
T
;
(2.11)
while the viscous flux vectors, Fv, Gv and Hv, contain terms for the heat flux and viscous forces exerted
on the body and can be represented by
Fv =
1
Re
(0;txx;txy;txz;utxx+ vtxy+wtxz+qx)T ;
Gv =
1
Re
(0;txy;tyy;tyz;utxy+ vtyy+wtyz+qy)T ;
Hv =
1
Re
(0;txz;tyz;tzz;utxz+ vtyz+wtzz+qz)T :
(2.12)
SNS represents source terms. In most calculations, these terms are set to 0, however, for hovering rotors,
a fixed grid approach is used and a source term is then added:
SNS = [0; r~w ~uh;0]T (2.13)
where ~uh is the local velocity field in the rotor-fixed frame of reference.
Although the Navier-Stokes equations completely describe turbulent flows, the large number
of temporal and spatial turbulent scales associated with high Reynolds numbers make it difficult to
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resolve all the turbulent scales computationally[65]. In such circumstances, the number of turbulent
scales are reduced by time averaging the Navier-Stokes equations to give the Reynolds-Averaged Navier-
Stokes equations (RANS). This results in additional unknowns (called Reynolds stresses) which must be
modelled[66]. The fluid stress tensor mentioned in Equation 2.12 is then approximated by the Boussinesq
hypothesis[67], more description of which is provided in the following sections.
2.1.2 Numerical Methods
The HMB solver uses a cell-centred finite volume approach combined with an implicit dual-timemethod.
In this manner, the solution marches in pseudo-time for each real time-step to achieve fast convergence.
According to the finite volume method, the RANS equations can be discretised for each cell by
d
dt
 
Wi; j;kVi; j;k

+Ri; j;k = 0: (2.14)
where Vi; j;k denotes the cell volume and Ri; j;k represents the flux residual.
The implicit dual-time method proposed by Jameson[68] is used for time-accurate calculations.
The residual is redefined to obtain a steady state equation which can be solved using acceleration tech-
niques. The following system of equations are solved in the implicit scheme during the time integration
process
DVWm+1i; j;k  DVWmi; j;k
DVDt
+
DVWn+1i; j;k DVWni; j;k
DVDt
= Rn+1i; j;k (2.15)
where DV is the change in cell volume, Dt is the pseudo time-step increment and Dt is the real time-step
increment. The flux residual Rn+1i; j;k is approximately defined by
Rn+1i; j;k  Rni; j;k+
¶Rni; j;k
¶Wni; j;k

Wn+1i; j;k Wni; j;k

(2.16)
By substituting Equation 2.16 into Equation 2.15, the resulting linear system can be written as
1
Dt
+

¶R
¶W
n
DW= Rn (2.17)
where the subscripts i; j;k have been dropped for clarity and DW is used for

Wn+1i; j;k Wni; j;k

.
Osher’s upwind scheme [69] is used to resolve the convective fluxes although Roe’s flux-splitting
scheme [70] is also available. TheMonotone Upstream-centred Schemes for Conservation Laws (MUSCL)
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variable extrapolation method[71] is employed in conjunction to formally provide second-order accuracy.
The Van Albada limiter is also applied to remove any spurious oscillations across shock waves. The cen-
tral differencing spatial discretisation method is used to solve the viscous terms. The non-linear system
of equations that is generated as a result of the linearisation is then solved by integration in pseudo-time
using a first-order backward difference. A Generalised Conjugate Gradient (GCG)[72] method is then
used in conjunction with a Block Incomplete Lower-Upper (BILU)[72] factorisation as a pre-conditioner
to solve the linear system of equations, which is obtained from a linearisation in pseudo-time.
The flow solver can be used in serial or parallel mode. To obtain an efficient parallel method
based on domain decomposition, different methods are applied to the flow solver [73]. An approximate
form of the flux Jacobian resulting from the linearisation in pseudo-time is used which reduces the
overall size of the linear system by reducing the number of non-zero entries. Between the blocks of the
grid, the BILU factorisation is also decoupled thereby reducing the communication between processors.
Each processor is also allocated a vector that contains all the halo cells for all the blocks in the grid.
Message Passing Interface (MPI) is used for the communication between the processors in parallel. Most
computations undertaken in this work have been performed on the the CFD Laboratory at the University
of Liverpool. For very large grids, however, calculations were conducted on different supercomputing
clusters such as Galera[74] in Gdansk, Poland, and the necessary porting of the code onto these facilities
performed. Galera compromises 1344 Intel Xeon QuadCore processors (5376 cores), 25 TB total system
memory, 100 TB disk storage, delivering a peak-performance of 50 Teraflops.
A number of linear and non-linear statistical turbulence models have been implemented into
HMB. The one-equation SA turbulence model[75] to realise the turbulent properties for DES com-
putations, and the DDES approach as well as the SALSA modification of the SA turbulence model
were implemented for this project. Options for DES with two-equation Wilcox k w [76] and Menter’s
k w Shear-Stress Transport (SST)[77] turbulence models are also available. All these turbulence mod-
els and indeed the simulation techniques are described in greater detail in the following sections.
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2.2 Reynolds Averaging
In a turbulent flow, the fields of pressure, velocity, temperature and density vary randomly in time.
Reynolds’ approach involves separating the flow quantities into stationary and random parts. The quan-
tities are then presented as a sum of the mean flow value and the fluctuating part[78]:
j = j+j 0 (2.18)
This formulation is then inserted into the conservation equations and a process known as Reynolds
averaging is performed. Three averaging methods are possible:
• time averaging,
• spatial averaging,
• ensemble averaging.
2.2.1 Time Averaging
Time averaging is the most common averaging method. It can be used only for statistically stationary
turbulent flows, i.e. flows not varying with time on the average. For such flows, the mean flow value is
defined as
ui(x) = lim
T!¥
1
Tinte
Z i+Tinte
i
ui(x; t)dt (2.19)
In practice, Tinte ! ¥ means that the integration time Tinte needs to be long enough relative to
the maximum period of the assumed fluctuations.
2.3 Two-Equation Models
By far the most popular type of turbulence model used is of the two-equation type. Two-equation
models are ‘complete’, i.e. can be used to predict properties of a given flow with no prior knowledge
of the turbulence structure or flow geometry. Two transport equations are used for the calculation of
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the turbulent kinetic energy, k, and turbulence length scale, l, or a function of it. The choice of the 2nd
variable is arbitrary and many proposals have been presented. The most popular involves using:
• e — specific dissipation rate of turbulence.
• w — k-specific dissipation rate.
• t — turbulent time-scale.
A description of the different types of two-equation models is provided in Table 2.1 below. As well as
indicating the variable used for the second transport equation, Table 2.1 includes the equation used to
calculate the eddy viscosity.
Table 2.1: Different types of two-equation turbulence models and the corresponding second variable.
Two-Equation Model Equation 2nd Variable Used
Kolmogorov (c. 1942) [79] k1=2l 1 w (Frequency Length Scale)
Rotta (c. 1950) l
Harlow-Nakayama (1967) [80] k3=2l 1 e (Energy Dissipation Rate)
Spalding (1969) [81] kl 2 w 02 (Vorticity fluctuations squared)
Speziale (1992) [82] lk 1=2 t (Time-Scale)
Nee kl kl (k times length scale)
Harlow-Nakayama lk 1=2 nt (Eddy viscosity)
One of the most widely used two-equation turbulence models is the k  e model. One of the
original versions of this model was developed by Jones and Launder [83] in 1972. The turbulent scale in
the k  e model is calculated using a second transport equation for the turbulent dissipation rate, e . The
eddy viscosity for the k  e model is typically derived from
mT =Cmr
k2
e
(2.20)
whereCm is the model coefficient. The advantage of the k e model is that it performs well for attached
flows with thin shear layers and jets but fails to predict the correct flow behaviour in many flows with
adverse pressure gradients, extended separated flow regions, swirl, buoyancy, curvature secondary flows
and unsteady flows.
The other class of two-equation turbulence models that is widely used is the k w model. In
1988, Wilcox[76] developed the famous k w model originally conceived by Kolmogorov. The k 
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w model is similar to the k e model but instead uses the k-specific dissipation rate as a second variable
to compute the turbulent length scale. The eddy viscosity is obtained by
mT = r
k
w
(2.21)
Although the k w model provides better performance in adverse pressure gradient flows, it suffers
largely from the same problems as the k  e model. Hybrid versions of the k w and k  e models
called the k w baseline (BSL) and k w shear-stress transport (SST) models were later introduced
by Menter[77]. These, in particular the k w SST version, perform well in separated flows. The idea
behind the k w BSL model is to exploit the robust and accurate formulation of the k w model near
the wall but to also take advantage of the lack of sensitivity to free-stream values of the k  e model
away from the wall. Menter[77] achieved this by transforming the k  e model into the same format as
the k w formulation. This process generated an additional cross-diffusion parameter in the w transport
equation. For the SST model[77], the idea was to improve the k w BSL model by including terms to
account for the transport of the principal shear stress. This term is incorporated in Reynolds Stress Mod-
els (RSM) and was also applied in the Johnson-King model[84]. Its importance was realised based on
the significantly improved results for adverse pressure gradient flows[77].
2.3.1 Model Equations: Linear k w Model
Mathematical formulations of the different types of the linear k w two-equation turbulence models
discussed in the previous sections are described here. More information on the k  e and k g models
can be obtained from [85].
Since the introduction of the linear k w model by Wilcox in 1988[76], the other notable mod-
ification to the k w model came from Menter in 1994[77] who proposed the hybridisation of the
k w model with the k  e model, as described previously. Table 2.2 lists the four notable versions
of the k w models and further describes if they include parameters to compute the low Reynolds
number properties.
Turbulence transport equations used in the formulation of the k w models are given by the
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Table 2.2: Different types of linear k w turbulence models
Type of Model Low-Re
Wilcox (1988)[76] Yes
Wilcox (1994)[86] Yes
Menter (1994)[77] — (i) BSL Model Yes
Menter (1994)[77] — (ii) SST Model Yes
following:
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In the transport equation for k and w above, the production of turbulence, P, and the dissipation
rate specific to k, Pw , is defined by
Pk = tRi j
¶ui
¶x j
; Pw = r
a
nt
Pk: (2.24)
Values for the coefficients used in all the four types of linear k w models discussed here are given in
the Table 2.3.
Table 2.3: Values of constants used in linear k w models.
Type of Model a b  a b
Wilcox (1988)[76] 1 9100
5
9
3
40
Wilcox (1994)[86]
1
40+
Rw
6
1+ Rw6
9
100
5
18+(
Rw
8 )
4
1+( Rw8 )
4
5
9
1
10+
Rw
2:7
1+ Rw2:7
3
40
Menter (1994)[77] (BSL)1 1 0.09 B

0:553
0:440

B

0:075
0:083

Menter (1994)[77] (SST)2 min

1; 0:31F2
w
w

0.09 B

0:553
0:440

B

0:075
0:083

Type of Model sk sw Sl
Wilcox (1988)[76] 2 2 0
Wilcox (1994)[86] 2 2 0
Menter (1994)[77](BSL)1 1
B
 
0:5
1:0
! 1
B
 
0:5
0:856
! B

0
1:71
w Ñk Ñw

Menter (1994)[77](SST)2 1
B
 
0:85
1:0
! 1
B
 
0:5
0:856
! B

0
1:71
w Ñk Ñw

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Menter’s models[77] are constructed as a ‘blend’ of the k w and k  e models. Here the k 
e model is phrased in the same form as the k w model so as to exploit its independence of free-stream
values. Blending of the k  e and k w model values for a , b , s 1k and s 1w is (in this notation) given
by the following equation
B
0BB@ a
b
1CCA F1a+(1 F1)b: (2.25)
The blending function is defined by
F1 = tanh
 
arg41

; (2.26)
where
arg1 =min
"
max
 
k1=2
b wy
;
500n
y2nw
!
;
2kw
y2nmax(Ñk Ñw;0:0)
#
: (2.27)
The k w SST model places an additional vorticity-dependent limiter on the shear-stress
F2 = tanh
 
arg22

; arg2 =max
 
2k1=2
b wy
;
500n
y2w
!
: (2.28)
Note that this model also uses a slightly different value of sk.
For low-Reynolds number versions of the k w model andMenter’s k w BSL and SST models,
the following boundary conditions are assumed for a direct integration to the wall
For k: kw = 0; f lux(k)w = 0 ; (2.29)
For w: w = 0; f lux(w)w = nÑw : (2.30)
where the subscript w denotes the value at the wall.
2.4 Gurney flap modelling
The proposed methods for dealing with the Gurney flaps of Figure 2.1 and 2.2 are outlined below. It
should be noted that the first two methods can be implemented using part of the functionality required
in overset grid methods, namely the ability to apply wall boundary conditions to any cell face when the
overset grids intersect each other, and the ability to cut a hole into a grid where there is an intersection
with a solid. This is shown in the second method in Figure 2.2b.
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The first method (Figure 2.2a) uses the current grid lines within the block. In the past, when
using HMB2, fixed Gurneys have been approximated by setting a solid wall boundary flag between
blocks, giving the effect of a very thin flap. The code had to be extended for the active Gurney case.
As an example, consider configuration shown in Figure 2.1a for a case where a Gurney is aligned with
a block boundary. As the Gurney moves, it will violate the requirement of HMB2 CFD solver to have
a single boundary condition on each block face. In Figure 2.2a as the Gurney rotates it will need to
swap over from one grid line to the next. The configurations of Figure 2.1 would be possible if the CFD
method allows any face within a block to be flagged as a solid wall.
Configuration (a)
Configuration (b)
Figure 2.1: Proposed Gurney flap configurations.
The second method (Figure 2.2b) is one step closer to the overset grid method. Here cells are
flagged as solid if they contain part of the flap. In addition to the functionality of the first method (the
ability to flag any cell face as a solid wall) the second method also requires a way of flagging cells, in
this case shown in shade (Figure 2.2b), as non computational cells or holes. After these holes have been
flagged it is a matter of finding any face that is connected to both a computational cell and a hole, and
flag that as a solid wall.
The final method (Figure 2.2c) is to use two overset grids. One associated with the aerofoil and
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the second associated with the active Gurney. This requires all the functionality of the first two methods
with additional information needed within HMB2. Firstly, it is necessary to know which cells in each
grid are going to be used for computing the solution. For example, if the choice is the background grid
with the minimum number of holes, one needs to know how far does the under resolved flow next to the
Gurney affect the rest of the background solution. HMB2 then requires two extra pieces of information,
firstly which cells are used in the computational domain, and secondly how is information exchanged
between grids.
The problem with moving Gurney flaps is that the solid surface of the Gurney which is sur-
rounded by a fine CFD mesh to resolve the flow, will have to come very close to the mesh around the
aerofoil. The high aspect ratio and very fine grids required to resolve boundary layer flows made the use
of some of the proposed methods difficult.
Figure 2.2: The 3 possible methods for the solution of the active Gurney flap shown for configuration
(b) of Figure 2.1.
2.4.1 Implementation of the Gurney flaps
This section discusses the different methods of modelling a Gurney flap, each with its own advantages
and disadvantages.
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Gurney flap modelled within the multi-block mesh
The most natural way to solve a fixed steady state Gurney flap is to include the Gurney within the
multiblock grid as shown in Figure 2.3. In this case, the Gurney flap has a well resolved wall spacing
on all sides and hence will be a benchmark solution for comparing it with solutions where the Gurney
flap is approximated.
(a) (b)
Figure 2.3: Example of a possible blocking for a Gurney at 95% of the chord. (b) shows a closeup of
the Gurney flap. NACA0012 aerofoil, Gurney size = 2% chord, Gurney thickness = 0.25% chord
To obtain the loads on the Gurney flap alone and to be able to find its moment about a different
point - for example the Gurney hinge two additional pieces of information are required. Firstly, a special
boundary condition tag is used so the Gurney flap is identified. Secondly, additional Gurney-specific
input is necessary to inform the CFD solver that computations are to be performed with a Gurney flap of
a specific actuation. Figure 2.3b shows the two boundaries that need to be integrated separately for the
calculation of the loads. The boundary for the aerofoil is highlighted with the solid line with the black
dots, while the Gurney flap boundary is shown as the solid line with the white gradient symbol.
Gurney flap modelled using viscous wall boundary condition across a block face
In this case the Gurney is assumed to be thin, and is modelled along a block boundary. Since it is a
restriction within HMB2 that each block face can only have one type of condition applied to it, the
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whole face must be part of the Gurney flap. The case, however, is computed in exactly the same way
as if the Gurney had some thickness as explained in section 2.4.1. The advantage of this method is that
no additional effort is needed in terms of mesh generation. On the other hand, the Gurney is assumed to
have no thickness and its size must coincide with the size of a block face. Figures 2.4 and 2.5 present
the concept along with its extension to several cases discussed below.
Point 1
Point 2
Point 3
boundary 4
Block
Block
boundary 3

Block
boundary 2
Block
boundary 1
(a)
(b)
Figure 2.4: Method for flagging a Gurney flap. (I) Gurney plane definition, and (II) elimination of block
boundaries 3 and 4 for not meeting the distance requirements, and part of boundaries 1 and 2 for not
meeting the angle requirements. Only the cell faces of the accepted block boundaries which are inside
the Gurney plane will be flagged as solid (Gurney flap).
Gurney flap modelled using blocked cells next to a block face
To overcome the restrictions of the previous method regarding the size of the Gurney flap, a new way of
modelling thin Gurneys has been added to HMB2. This allows for any number of cells on a block face
to be flagged as blocked. This means that the same grid can be used for different size flaps as well as
allowing unsteady deployment of Gurney flaps along block interfaces. Figures 2.4 and 2.5 present the
idea using schematics of cells and block interfaces.
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Figure 2.5: Flagging of the cells - shaded - that require a wall boundary condition applied to their face
in order to model the Gurney flap (shown in solid black line). The Gurney flap can change in length
without a change in the cells flagged as blocked. Minimal changes are needed in the CFD mesh (g), (h),
and the Gurney flap can be seen in (i).
For an actuated Gurney it is important to have a robust method for blocking the correct cells.
This process can be framed as a collection of computational geometry problems which have to work
robustly in the very thin, high aspect ratio, cells that make up the first part of any boundary layer mesh.
The algorithm is a four stage process.
Part one is to define a planar Gurney with three points, the remaining stages are then computa-
tional geometry problems which eliminate cells until just those representing the Gurney remain. Figure
2.4 explains how the cell faces are finally flagged as a Gurney flap. First, the block boundaries 3 and
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Data: Define the Gurney as a set of points.
forall the blocks in the mesh do
forall the internal boundaries of each block do
forall the faces on each internal boundaries do
if the centroid of the face is close to the Gurney then
if the normal to the Gurney nearly parallel to the normal of the face then
if the centroid of the face inside the polygon of the Gurney then
Flag this face as in the Gurney flap
end
end
end
end
end
end
Algorithm 1: Flow chart for Gurney flap definition.
4 are excluded as they do not meet the distance requirements between the centroid of each cell face
and the planar Gurney, set by the user. Then, parts of the boundaries 1 and 2 which are inside a circle
are also excluded as the angle between the normal to the face and the normal to the Gurney does not
meet another user specified tolerance. Finally, the remaining cell centres of the faces are projected onto
the Gurney plane and if they are inside the polygon formed by the Gurney they are flagged as blocked.
These cells are surrounded by the dashed line at the trailing edge of the aerofoil shown in Figure 2.4b.
This algorithm can be seen below in the flow chart of Algorithm 1.
Resolution of the length of the Gurney
For a Gurney flap of fixed height it is always possible to place a grid point at the end of the Gurney and
hence no approximation is made if the method of blocked cell faces is used. However, if the Gurney
does not end at a grid point the semi-blocked cells must be treated in a special way. The first method is
as follows: if the projection of the centre of a cell faces onto the plane described by the Gurney flap is
within the Gurney, then it is flagged as blocked else it is flagged as open. Examples of this method were
shown in Figures 2.5a - 2.5f. The Gurney, shown in bold solid line, is assumed to be infinity thin and
close to a block boundary the shaded cells are flagged and a viscous wall boundary condition is applied
to the face that coincides with the Gurney. Figures 2.5a - 2.5f show that as the Gurney extends in length,
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more of the cells are flagged as blocked. The length of the Gurney can only be resolved to the size of
the mesh cell at its end.
To demonstrate this behaviour, three cases were computed using a Gurney at the trailing edge of
a NACA0012 aerofoil of a length approximately 1% of the aerofoil chord. Figures 2.5g, 2.5h, and 2.5i
show the grid and the region around the end of the Gurney and the results are presented in Table 2.4. It
can be seen that this grid has a large number of points normal to the Gurney surface to help resolve the
flow.
Table 2.4: Variation in the loads as the number of blocked cells increases using the baseline method.
Blocked Gurney Aerofoil Aerofoil Aerofoil Gurney Gurney
Cells Length Lift Pressure Drag Moment Pressure Drag Moment
% chord coefficient coefficient coefficient coefficient coefficient
58 1.0192-1.0292 0.2524 0.003762 -0.12026 0.004385 -2.101e-5
59 1.0292-1.0392 0.2611 0.003895 -0.12437 0.004699 -2.361e-5
60 1.0392-1.0492 0.2697 0.004031 -0.12843 0.005022 -2.641e-5
The discretisation effect of an actuated Gurney flap was addressed with a technique that allows
the flux between cells to be split according to the area of a cell exposed to the flow. The idea is to
compute first the fraction of the area covered by the Gurney flap over the area of the cell face. The
flux f1 is computed on the interface between the two cells assuming no wall, and then, the flux f2 is
computed as if there is a wall boundary at the face of the cell. Finally, these fluxes are weighted by the
fraction of the areas as described in the following equation:
f = f1  (1 DA)+ f2 DA (2.31)
An example of the part-flux method is shown in Figure 2.6. In Figure 2.6a a simple schematic of
two cells is presented where a Gurney flap covers the shaded area. Figure 2.6b presents how these cells
are treated in the code during the two different calculations of the fluxes before weighting them.
Figures 2.7 and 2.8 present the comparison of the results obtained for a NACA0012 with a 2%
chord actuated Gurney flap between the full-flux and the part-flux method. Judging from Figure 2.7
the variation of the change of the lift coefficient of the aerofoil is smoother when it is computed with
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the part-flux method (solid line), while with the full-flux method rapid changes of the lift are observed
while changing the size of the Gurney flap (dotted line). In Figures 2.8a, b the U and V components of
the velocity are presented near the Gurney flap with contours for the full-flux method and lines for the
part-flux method.
Figure 2.6: Part-flux method description. (a) a schematic of a Gurney flap covered part of the face
between two cells, and (b) calculation of the fluxes twice before weighting them.
2.4.2 Swinging Gurney Flap
For such a case a blocking topology is seen in Figure 2.9. The Figure shows the mesh around a
NACA0012 aerofoil with a swinging Gurney located at 95% of the chord and the modification of the
blocks near the trailing edge of the aerofoil.
The method used to flag cell faces as blocked for a swinging Gurney is described in Algorithm
2 and is presented in Figures 2.9 and 2.10. First, the code calculates the radius of the Gurney in the
same way it calculated the height of the Gurney during the linear actuation. At every time step, it
then computes the angle of the Gurney and it defines the new Gurney plane as shown in Figure 2.10a.
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Figure 2.7: Lift coefficient comparison between the part-flux (method 1) and the full-flux (method 0)
methods for a NACA 0012 aerofoil with an actuated 2% chord Gurney flap. M = 0:2, Re = 2:1x106,
a = 0o, k-w SST [77].
(a) Contours of U-velocity component (b) Contours of V-velocity component
Figure 2.8: Viscous flow around a NACA 0012 aerofoil with an actuated 2% chord Gurney flap. The
colour contours represent the solution with the full flux method and the white contours represent the
solution with part-fluxes. M = 0:2, Re= 2:1x106, a = 0o, k-w SST [77].
The block topology for a swinging Gurney case is presented in Figure 2.9. Then for the blocks 1  4
in the near view of Figure 2.9 the code flags the cells behind and in front of the Gurney with -1 and 1
respectively if they are inside the radius of the Gurney or with -2 and 2 if they are outside as presented in
Figure 2.10b. Next, the code sweeps along the grid lines and averages the flags on the nodes. The nodes
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Find the radius of the Gurney
Find the angle of the Gurney
forall the swinging Gurney blocks in the mesh do
if the point is inside the radius then
Flag the cells behind and in front of the Gurney with -1 and 1
else
Flag the cells behind and in front of the Gurney with -2 and 2
end
end
Sweep along the lines
if the sign changes between two cells then
if the sum of the four neighbour cells of a node is 6 then
This node is the end of the Gurney flap
end
end
All the cell faces up to that node will be flagged as blocked
Algorithm 2: Flow chart for swinging Gurney flap definition.
Figure 2.9: Example of a possible blocking for a Swinging Gurney at 95% of the chord, and a near view
of the topology.
with zero value will form the Gurney flap, and if the sum of the absolute values of the four neighbour
cells of a node is 6 then this node is the end of the Gurney flap as presented in Figures 2.9c, d. Then all
the cell faces up to the end point are flagged as blocked.
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(a)Definition of the Gurney plane (b)Flagging cells behind and in front of the Gurney
(c)Average the flags on the nodes (d)Define the end point of the Gurney
Figure 2.10: Description of method for flagging wall faces for a swinging Gurney case with HMB2.
2.5 CSD Solver
A modal approach was chosen in order to compute the deformed shape of the blade. The final defor-
mation is then considered as a combination of the eigenvectors of the blade. The modes shape and
frequencies are first computed using the NASTRAN[87] CSD code. The blade structure is represented
as a set of beam elements located on the elastic axis of the blade. The non-linear PBEAM elements of
NASTRAN were used. For each section, a rigid bar (RBAR element) without any structural properties
and rigidly linked to the chord nodes was added in front of the trailing edge and aft of the leading edge
in order to assess the displacement of the blade surface. The blade lead-lag stiffness is represented as a
linear elastic element. An example of such a model is shown in forward flight computations presented
in chapter 5.
The mode shapes and frequencies are obtained through NASTRAN by performing a non-linear
static calculation (SOL106). The data requested by NASTRAN for a PBEAM beam element are the
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flapping and chordwise area moments of inertia and the linear mass. Other properties can be added
introducing the offset between the beam element axis and the blade elastic axis as well as the radius of
gyration, that allows coupling between the flapwise, chordwise and torsional deformations. These data
have to be specified at least at the root of the element, but can also be specified at other locations of the
element.
2.5.1 Fluid-Structure Interpolation
The structural model of a blade usually contains less elements than the blade surface on the fluid mesh.
Therefore, the structural solution has to be interpolated on the blade surface. The deformation of the
fluid mesh is done in three main steps. Firstly, the constant volume tetrahedron (CVT) method is used to
interpolate the deformed shape of the blade surface. Secondly, the block vertices are moved accordingly
to the spring analogy method. Finally, the full mesh is regenerated with a trans-finite interpolation (TFI).
The interpolation process is described in details in [88–90].
The Constant Volume Tetrahedron (CVT) method was developed by Goura et al.[91]. This
method projects each fluid node to the nearest structural triangular element and moves it linearly with
the element. CVT is an efficient deformation method, however, it showed limitations when getting
further from the blade. The linear association with the triangular structural elements can create discrep-
ancies between two close nodes associated with two different structural elements. Therefore the mesh
deformation further from the blade surface has to be performed with a different method. A transfinite
interpolation (TFI) of the mesh was therefore introduced in the C-part of the mesh.
The Trans-Finite Interpolation (TFI), described by Dubuc et al.[92], is used to interpolate the
block face deformation from the edge deformations and then the full block deformation from the defor-
mation of the block faces. This interpolation gave good results in the C-part of the mesh in terms of
mesh quality but was limited in amplitude due to the small size of the C-part. To overcome this limit,
the boundaries of the blocks around the blades also have to be moved according to the blade deforma-
tion, and damping must be introduced when getting further from the blade to get no deformation at the
calculation boundaries. Particular attention must also be given to the mesh quality close to the blade as
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CFD calculations are extremely sensitive to a loss of quality in the refined mesh parts close to the blade.
The method developed for HMB first deforms the blade surface using CVT, then obtains the
updated block vertex positions via spring analogy and finally generates the full mesh via TFI. The
TFI first interpolates the block edges and faces from the new vertex position and then interpolates the
full mesh from the surfaces. This method uses the properties of multi-block meshes and maintains
efficiency as the number of blocks increases, particularly in the spanwise blade direction. The use of
spring analogy on the block vertices only allows for efficient calculation, large deformations of the
blade and good mesh quality. The spring analogy [93] consists of adding springs on each surface side
and diagonal of the mesh. The springs along the sides of the surfaces tend to avoid large compression
or dilatation of the block surfaces and the ones on the diagonals tend to limit skewness, which is critical
in some parts of the mesh like the tip of the blade where the cells are usually skewed. The strength of
the springs is set as the inverse of their length and the springs in contact with the blade are usually made
stiffer by a coefficient in order to make the blocks close to the blade surface extremely rigid.
2.6 Trimming Method
The trimmer used for this study is based on the blade element theory and it is described in [94]. The
trimming method consists of an initial trim-state computation and a number of subsequent re-trimming
steps. The initial trim state can be obtained either off-line or within the CFD solver. During re-trimming,
the collective pitch is updated via a Newton-Raphson process, where the simple aerodynamic model is
only used to compute the derivatives of the loads. As a result, upon convergence, the trim state is
independent of the approximate aerodynamics. For simulations of forward-flying rotors, re-trimming is
carried out after completion of 1 rotor revolution using revolution-averaged integrated loads from CFD
solution. The trimming method needs a target thrust coefficient cT as input. In addition models for
the fuselage and its drag are necessary in order to compute the total drag, as a function of the advance
ratio of the helicopter. From the rotor thrust and total drag, the orientation of the tip-path plane can
be obtained, i.e. the forward tilt. For a rotor at straight level conditions the orientation of the tip-path
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plane can be obtained from sinqtpp = D=W , where D andW represent the total drag of the helicopter
and its weight. The aerodynamic model needs an estimate of the induced velocity in the tip-path plane.
The induced velocity is assumed constant in the tip-path plane, and is obtained from Glauert’s propeller
theory [95]. The non dimensional inflow factor l is defined as
l =
Vsinqtpp+ vi
WR
= msinqtpp+li, (2.32)
where vi is the induced velocity (< 0 for a lifting rotor) and Vsinqtpp the inflow due to the rotor disk
tilt. In Equation 1, R is the rotor radius and W the rotation rate. The inflow factor l is computed using a
Newton-Raphson method to solve the following non-linear equation for li:
li = cT2
1
2
p
m2+(msinqtpp+li)2
. (2.33)
The collective pitch, cyclic pitch and flapping coefficients can then be calculated. For the collective
pitch, the following expression is used [1]:
cT
s
=
a
4
[
2
3
q0
1 m2+9m4=4
1+3m2=4
+l
1 m2
1+3m2=4
], (2.34)
where a is the lift slope factor. In equation 3, s is the solidity of the rotor defined as:
s =
Nbladesc
pR
. (2.35)
With the collective q0, the flapping harmonics can be derived from the solution of the blade-flapping
equation [1]:
b0 =
g
8
[q0(1+m2)+
4
3
l   4
3
mb (nfp)1c ], (2.36)
b (nfp)1c =
m( 83q0+2l )
1+ 32m2
, (2.37)
b (nfp)1s =
4
3mb0
1+ 12m2
, (2.38)
where the subscript (nfp) indicates that the flapping harmonics b0, b1s are relative to the no-feathering
plane, while l is relative to the tip-path plane. The definition of the no-feathering plane and the relation
50
CHAPTER 2. MATHEMATICAL MODELS 2.6. TRIMMING METHOD
to the tip-path plane can be found in References [95],[1]. g is the Lock number and it is defined as
g =
racR4
I
, (2.39)
where c is the blade chord and I the moment of inertia about the flap hinge. The present trimming
model neglects the lead-lag deflection of the blades, which has only a secondary effect on the rotor
blade aerodynamics.
In hover case, the method requires the lock number gL of the blade and computes an initial trim
state for a hovering rotor. After estimating the collective angle q based on the thrust coefficient, the lift
slope factor of the blade section, and the solidity of the rotor, the inflow factor l is estimated, as well
as the coning angle b . HMB2 is subsequently used to compute the thrust coefficient at this particular
trimming before updating the collective and the coning based on the difference between the target and
the estimated thrust coefficients. The procedure consists of the following steps:
1. At start-up two options can be used:
(i) an initial estimate of the trim state is computed using the following equation for the collective pitch:
q0 =
6
sa
CT+
3
2
r
CT
2
. (2.40)
(ii) a user defined initial guess for q0 is used.
The inflow factor l can be obtained directly from the equation:
l = 
r
CT
2
= sa
16
[
r
1+
64
3sa
q0 1]. (2.41)
For a twisted rotor blade Equation (2.45) gives the collective pitch at 0.75 of the rotor radius R. Then
the equation for the coning angle is used:
b0 =
g
8
[q0+
4
3
l ]. (2.42)
2. The mesh is subsequently deformed to account for the new rotor blade incidence and position.
3. A steady flow simulation is performed until a prescribed level of convergence is reached.
4. The collective is updated using the following relation:
dq0 =
CT;target CT
dCT=dq0
, (2.43)
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dCT
dq0
=
sa
6
[1  1p
1+(64=3sa)q0
]. (2.44)
Equation (2.48) gives the coning angle for the new collective pitch q0+dq0.
5. Steps 2-4 are repeated until a constant trim state is reached.
Therefore, the coning angle b0 depends on the Lock number and the reduced model assumptions, while
the collective is independent as only the derivation of the Newton iteration is dependent on the reduced
aerodynamic model.
For the forward flight case the trimming method consists of an initial trim-state computation and
a number of subsequent re-trimming steps. The initial trim state can be obtained either off-line or within
the CFD solver. During re-trimming, the collective pitch is updated via a Newton-Raphson process,
where the simple aerodynamic model is only used to compute the derivatives of the loads. As a result,
upon convergence, the trim state is independent of the approximate aerodynamics. For simulations of
forward-flying rotors, re-trimming is carried out after completion of 1 rotor revolution using revolution-
averaged integrated loads from CFD solution. The trimming method needs a target thrust coefficient
cT as input. For this study the thrust estimate is given based on the flight tests. In addition, models for
the fuselage and its drag are necessary in order to compute the total drag, as a function of the advance
ratio of the helicopter. From the rotor thrust and total drag, the orientation of the tip-path plane can be
obtained, i.e. the forward tilt. For a rotor at straight level conditions the orientation of the tip-path plane
can be obtained from sinqtpp = D=W , where D andW represent the total drag of the helicopter and its
weight. Assuming a fixed rotor shaft angle qsha f t and known first harmonic flap coefficients b1s and b1c,
the thrust and moment coefficients can be expressed as a function of collective and cyclic pitch angles:
CT = CT (q0;q1c;q1s)
CM;x = CM;x(q0;q1c;q1s)
CM;y = CM;y(q0;q1c;q1s)
whereCM;x andCM;y are the non-dimensional moments about the x-axis (rotor disk rolling moment) and
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y-axis (rotor disk pitching moment), respectively.
0BBBBBBBBBBBB@
Dq0
Dq1s
Dq1c
1CCCCCCCCCCCCA
=
0BBBBBBBBBBBB@
¶CT
¶q0
¶CT
¶q1s
¶CT
¶q1c
¶CM;x
¶q0
¶CM;x
¶q1s
¶CM;x
¶q1c
¶CM;y
¶q0
¶CM;y
¶q1s
¶CM;y
¶q1c
1CCCCCCCCCCCCA
 10BBBBBBBBBBBB@
CT;target  CT
CMx;target  CMx
CMy;target  CMy
1CCCCCCCCCCCCA
(2.45)
The elements of the sensitivity matrix in Equation (2.45) are the derivatives ofCT ,CM;x andCM;y
according to blade-element theory. Assuming a constant inflow factor l and fixed flapping harmonics,
the sensitivity matrix reads:
0BBBBBBBBBBBB@
¶CT
¶q0
¶CT
¶q1s
¶CT
¶q1c
¶CM;x
¶q0
¶CM;x
¶q1s
¶CM;x
¶q1c
¶CM;y
¶q0
¶CM;y
¶q1s
¶CM;y
¶q1c
1CCCCCCCCCCCCA
=
sa
4
0BBBBBBBBBBBB@
  2
3 +m
2
  m 0
2
3m   14
 
1+ 32m
2

0
0 0 14
 
1+ 12m
2

1CCCCCCCCCCCCA
(2.46)
dq0 =
h¶CT
¶q0
¶CM;x
¶q1s
  ¶CT
¶q1s
¶CM;x
¶q0
i 1¶CM;x
¶q1s
 
CT;target  CT

+
¶CT
¶q1s
CMx

dq1s =
h¶CT
¶q0
¶CM;x
¶q1s
  ¶CT
¶q1s
¶CM;x
¶q0
i 1  ¶CM;x
¶q0
 
CT;target  CT
  ¶CT
¶q0
CMx

(2.47)
dq1c =  CMx=
¶CM;y
¶q1c
Similar approaches has been used in Refs.[96–98]. Yang et al.[96] used a lifting-line technique
external to the flow solver to obtain the derivatives of the rotor performance parameters. An alternative
expensive approach is presented in Refs.[97, 98], where the flow solver is used to determine the derivatives
of the rotor performance parameters by repeating the simulation with slightly different values of the
angles q0, q1c and q1c in succession. An accurate estimate of the derivatives requires a converged flow
solution for each of these different control settings. Typical trimmed rotor simulations involved upto 35
revolutions of the rotor in total.
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2.7 Chimera Method
The chimera method [99] is based on composite grids, consisting of independently generated, overlap-
ping non-matching sub-domains. Each of these sub-domains are referred to as a Level and are sorted
hierarchically, with higher levels having priority. The exchange of information between sub-domains is
achieved through interpolation and by following the level hierarchy.
Figure 2.11: Two overset grids covering the domain around an aerofoil[100].
Fig. 2.11 shows a simple overset grid case. The domain consists of a background grid and a
foreground grid. On the right, a visual representation of cell flags on the background grid is shown. Cells
in the region of the background grid covered by the foreground grid are flagged as non-computational
cells (holes and solid holes). Fringes pose the last layer of computational cells. Directly next to them,
two layers of interpolation holes are flagged. They are non-computational cells, but they are used for
the flux calculation of the fringe cells - so the interpolated values of the flow variables are required for
them. In order to calculate the flow field values for fringes, their localisations have to be known relative
to the grid they overlap with.
In order that the number of searches is limited to minimum, a localisation pre-processing (figure
2.12) is used. After this operation, each block is given a list of blocks it has to be localised against. The
localisation pre-processing consists of three steps: i) generation of Minimum Volume Bounding Boxes
(MVBB) for each block, ii) a block-to-block search operation, iii) a node-in-solid search operation. This
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last operation checks which blocks potentially overlap, based on MVBB information. For the third step,
MVBBs are also generated for all solid surfaces in the grid.
Figure 2.12: Localisation pre-processing[100].
In Fig. 2.12 the flowchart of localisation pre-processing is shown. MVBBs are constructed based
on the grid data. This is a sequential operation (each processor generates MVBB for the blocks it stores)
and is followed by an MPI operation, distributing all MVBBs to all processors. In a next step, all blocks
are checked against all MVBBs of the other levels.
Following from the localisation pre-processing, the cell localisation process has two main objec-
tives: i) to identify the cells of different types (Fig. 2.11), and ii) to determine the interpolation stencils
for the cells that require interpolated information. Cell flags are assigned based on node position with
respect to the other levels of the composite grid (Fig. 2.13). Additionally, all the nodes are checked
against solid MVBBs.
As a search tool, a range tree is used. This works like a kd_tree, but instead of finding the
nearest point for given coordinates, it takes a range of a cell as an input and returns all points located
in the range. In order that the number of searches is limited to minimum, the tree is constructed for all
chimera blocks on all processors, using vertex and cell centre coordinates (a chimera block is any block,
which potentially intersects at least one block of another level). Ranges for the tree are constructed
using Axis Aligned Bounding Boxes (AABB) of all the cells of overlapping levels (Fig. 2.14). In case
of a parallel execution, for each processor, only the nodes of the blocks assigned to this processor are
stored, but as an input ranges, the AABBs of all overlapping blocks are used. This means, that before
the flagging operation an MPI data exchanged is necessary.
After the set of operations described above, all the cells are flagged as Solid holes - cells, whose
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Figure 2.13: Block diagram representation of cell flagging, based on node flags. If none of the cell
nodes is located on a higher level mesh - the cell remains a normal cell. If some nodes, but not all of
them are located on any higher level mesh, the cell is considered to be a fringe, otherwise (all nodes in
a higher level mesh) a cell is flagged as a hole[100].
at least one node is located inside a solid MVBB and not in other level cell, Holes, Fringes and Normal
cells. Based on this set of cells Interpolation holes are flagged. Each Fringe needs two neighbours in
each direction and all edge neighbours for the consistent flux calculation (Fig. 2.15). At the moment
only zero order interpolation is used, where each interpolation cell copies the flow variables from another
level cell, in which its centroid is located within.
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Figure 2.14: Range tree localisation schematic. For each cell of a chimera block, an AABB is created.
It needs an input (inquiry) for the tree, which returns all the points located inside the box. This step
is followed by an exact in-cell check for all the point returned by the tree, which are not flagged as
node-in-cell[100].
Figure 2.15: Flux calculation stencil. Each fringe needs two neighbours in each direction and all edge
neighbours for consistent flux calculation[100].
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Chapter 3
Aerofoil-wing computations
This chapter has been published in the conference proceedings of ERCOFTAC international sympo-
sium “Unsteady separation in fluid-structure interaction", Mykonos, Greece, June 2013, the conference
proceedings of European Rotorcraft Forum 2014, Southampton, United Kingdom, and it is accepted in
AIAA Journal of Aircraft.
3.1 Gurney modelling validation
After implementing the Gurney flap modelling method in HMB2 the Gurney flap aerodynamics should
be studied and compared between thick and thin Gurneys, along with the effect of an linearly actuated
Gurney against a swinging one on the loads on both aerofoils and wings. The first section of this chapter
consists part of the essential validation of the code before proceeding on the study of the Gurney effect
on aerodynamic performance of helicopter rotors.
3.1.1 Fixed Gurney flap
The grid used for these calculations can be seen in Fig. 3.1. The aerofoil used is a NACA0012 at a = 0o,
M = 0:2, and Re = 2:1  106. Different Gurney sizes were used from 0.5%c up to 2%c, and the span
of the Gurney was 1 chord. The aerofoil trailing edge was refined more than the normal to resolve the
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boundary layer of the Gurney and the vortical flow structures downstream. The normal spacing to the
surface of the aerofoil is 5:0 10 6c which is about an order of magnitude less than that the normal
spacing to the Gurney flap. As can be seen in Fig. 3.1(c) the block near the trailing edges extends
in the normal direction by 2% of the chord and has been expanded in such a way so that the cells are
nearly equally spaced. This is unlike a normal aerofoil grid where the cells would keep expanding,
consequently these blocks have a large number of cells. This will give a good approximation of any
Gurney flap up to a height of 2% c. The block after the trailing edge between x=c = (1:01;1:07) has a
constant spacing in the x-direction again to help capture the vortical flow in the wake.
Fig. 3.2 shows the pressure and streamlines for four different Gurney flap sizes at conditions
M = 0:2, a = 0o, and Re = 2:1x106. As the Gurney increases in size, the pressure difference between
the two sides of the Gurney also increases and the flow acceleration near the trailing edge increases
reducing the pressure behind the Gurney. The pressure in front of the Gurney increases due to the larger
pocket of stagnant flow.
3.1.2 Resolving flow details near the Gurney flap
Several of the works published in the literature tend to model Gurney flaps using simple flow blockage
that did not result in fully resolved flows. In this section, the results obtained with HMB2 for an aerofoil
section near a fixed Gurney are put forward as an example of the resolution that should be sought for
the Gurney flap computations. This requires fine grids but shows clearly the capability of HMB2 in
resolving the details of the flow and the results presented here should be considered as a benchmark
to gauge the correct mesh resolution. In the present study a C-type mesh of 195;000 nodes is used,
221 nodes were used in the normal direction to the surface with the spacing close to the wall being
1:0 10 5c, and 189 in the wake with 80% of them used up to 50%c distance from the trailing edge.
This was necessary to capture the vortices created behind the Gurney flap. Fig. 3.3 shows several views
of the flow near the corner of the Gurney flap. Pressure contours and streamlines are combined to show
the successive resolution of the corner vortices expected in the aerofoil Gurney junction.
The mesh resolution is equally important behind the Gurney flap and near the trailing edge of
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the section especially since a blunt trailing edge is modelled. This can be seen in Fig. 3.4 where both
pressure and turbulent Reynolds number fields are shown again for an NACA0012 aerofoil with a 2%c
flap near the trailing edge. A further comparison is shown in Fig. 3.5 where results from computations
for an infinitely thin Gurney are compared against results at the same conditions but for a Gurney with
finite thickness. Such comparisons suggest that for most cases the infinitely thin Gurney gives a well-
resolved representation of the flow and allows easier implementation in HMB2.
Results are obtained for 2% c Gurney flap located at 95%c of a NACA0012 aerofoil. For this
case, some experimental data are available [37, 101] and the comparisons are presented in Fig. 3.6. For the
clean aerofoil the CFD results agree well with the experiments. As the size of the Gurney flap increases
there is a small overestimation of the lift and underestimation of the moment, while this difference
grows as the aerofoil pitches up. In Fig. 3.7 the results for Gurney size 2%c show that the pressure
distribution at the suction side of the aerofoil at zero degrees of incidence is under-predicted, which
leads to discrepancies in the lift coefficient.
3.1.3 Comparison against thick Gurney flap
Next, a NACA23012M aerofoil with a cavity at the trailing edge was tested actuating a virtual Gurney
flap linearly. The reduced frequency selected for the oscillation of the flap was k= 0:1 and the period of
the oscillation was 10p travel times. A non dimensional timestep of 0:001 was used. Fig. 3.8 presents
the way the Gurney is flagged and actuated. In Fig. 3.8a the Gurney is fully retracted inside the cavity,
while in Fig. 3.8b it is fully deployed and it is extended by 1.5%c outside the cavity. However, the
Gurney still exists inside the cavity as the hinge is always attached to the upper wall of the cavity. When
the Gurney is retracted its actual size is 53.9% of the fully deployed Gurney.
Next, the unsteady computation of an actuated Gurney of 1.5%c at 0.935c of a NACA23012M
aerofoil with a cavity was compared against the same case with a thick Gurney using the Chimera
technique. Fig. 3.9 presents the unsteady loads for these two cases, while in Fig. 3.10, 3.11, 3.12
vorticity contours are presented for three different time steps. As can be seen behind the Gurney flap
the vorticity magnitude shows no difference. The only difference is observed inside the cavity where
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it is assumed to be split into two cavities when the virtual Gurney is used. When the thick Gurney is
implemented with the Chimera technique the flow is allowed to circulated around the gunrey inside the
cavity too.
3.1.4 Results for Gurney flaps on wings in three dimensions
Since the two dimensional NACA0012 results over-predicted the lift generated via the Gurney flap the
case has been extended to an infinite rectangular wing, via symmetry boundary conditions, with a finite
span Gurney. As can be seen from the surface mesh in Fig. 3.13 the wing has a span of 1:6 chords
with the Gurney starting at 0:24 z=c and finishing at 1:36 z=c. This makes the Gurney cover 70% of the
span of the wing with 15% gap before the symmetry boundary conditions are applied. The edges of the
Gurney have only slightly be refined with a spacing of 1:010 3c which is approximately 1=20 of the
height of the Gurney flap. This means that the flow will not be close to being resolved in this region but
the confinement of the two dimensional flow will be removed. The test case was a NACA0012 at zero
angle of attack with a Reynolds number of 2:1 million and a Mach number of 0:2 to approximate the
low speed flow used in the experiment. Fig. 3.7 shows the differences in pressure when comparing with
the two dimensional results as well as the experimental data [37, 101]. The pressure distribution on the
NACA0012 at zero pitch is well known and it does not agree with the experiments, which overpredict
the pressure compared to Ladson’s et al. study[102]. It seems that there are strong wind tunnel effects
which resulted in the discrepancies between the experiment and the CFD results. The use of a three
dimensional calculation has reduced the difference between upper and lower surface pressure so that
now CFD is much closer to the experimental data. The offset between CFD and experiments now is also
close to the offset seen between the case where no Gurney was used. The stagnation pressure in front of
the Gurney is the same for both the two and three dimensional cases but the upper surface is flatter for
3D more in line with the experiment.
Indicative results for the wing case with a fixed Gurney flap can be seen in Figs. 3.14 a, c, e.
The Oscillating the Gurney added another slow varying change in the integrated loads. These results are
presented Figs. 3.14 b, d, f. The lift coefficient corresponds to the total lift of the wing, while the drag
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coefficient corresponds to the pressure and viscous drag on the Gurney flap.
For the same case of the NACA0012 wing at zero angle of attack with a Reynolds number of
2:1 million and a Mach number of 0:2 a swinging Gurney was actuated between 45o and 135o, and the
results obtained are presented in Fig. 3.15. It is mentioned that when the Gurney is located at 90o it is
normal to the mean chord line. Both the mean lift and drag coefficients were decreased for the case of
the swinging Gurney, but it proved to introduce high frequency changes to the pressure at the suction
side of the wing towards the leading edge.
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(a) Mesh blocks at trailing edge (b) Detailed mesh close to trailing edge
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(c) Mesh near trailing edge
Figure 3.1: Blocking and mesh spacings for a Gurney at the trailing edge.
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(c) h= 1:5% (d) h= 2:0%
Figure 3.2: The pressure contours and streamlines for four different heights of Gurneys. NACA0012,
M = 0:2, a = 0o, Re= 2:1x106, k-w SST [77].
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Figure 3.3: Successive views of the flow near the aerofoil Gurney junction. Streamlines and contours of
Pressure coefficient are shown.
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CP and Streamlines Turbulent Reynolds Number
Figure 3.4: Flow visualisation behind an aerofoil, computed unsteady with a fixed, resolved Gurney and
wake. M = 0:2, Re= 2:1x106, a = 0o, k-w SST [77].
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x/c x/c
(a) Surface pressure coefficient distribution (b) Zoomed view of the surface pressure coefficient distribution
near the trailing edge and Gurney
Figure 3.5: Comparison between thick and thin Gurneys for a NACA0012 aerofoil with a Gurney of
2%c length computed at Mach number of 0.2 and zero incidence angle. Viscous computations were
necessary for this case. Dotted line represents the case with the infinitely thin Gurney flap.
(a) Total Lift (b) Total Moment
Figure 3.6: Comparison of loads for different Gurney heights at the trailing edge against experimental
data [37, 101].
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(a) Angle of attack zero degrees (b) Angle of attack six degrees (c) Angle of attack ten degrees
Figure 3.7: Comparison of pressure distribution of a 2% Gurney at the trailing edge for different angles
of attack [37, 101].
Figure 3.8: Definition of the actuation of the virtual Gurney used for NACA23012M aerofoil with cavity.
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(a) (b) (c)
Figure 3.9: (a) Lift, (b) drag, and (c) moment coefficients comparison on NACA23012M aerofoil with
cavity and a linearly actuated virtual and thick Gurney flap of 1.5%c at 93.5%c, M=0.2, Re= 0:5 106.
(a) (b)
Figure 3.10: Vorticity magnitude visualisation for a NACA23012M aerofoil with cavity and a linearly
actuated virtual (a) and thick (b) Gurney flap of 1.5%c at 93.5%c, M=0.2, Re = 0:5  106. The Gurney
flap is fully retracted.
(a) (b)
Figure 3.11: Vorticity magnitude visualisation for a NACA23012M aerofoil with cavity and a linearly
actuated virtual (a) and thick (b) Gurney flap of 1.5%c at 93.5%c, M=0.2, Re = 0:5  106. The Gurney
flap is half actuated.
69
3.1. GURNEY MODELLING VALIDATION CHAPTER 3. AEROFOIL-WING COMPUTATIONS
(a) (b)
Figure 3.12: Vorticity magnitude visualisation for a NACA23012M aerofoil with cavity and a linearly
actuated virtual (a) and thick (b) Gurney flap of 1.5%c at 93.5%c, M=0.2, Re = 0:5  106. The Gurney
flap is fully actuated.
(a) (b)
Figure 3.13: Part-span Gurney flap on a wing. (a) overview and (b) close view of the Gurney flap and
the surface mesh.
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(a) t=1.25 (b) t=3.14
(c) Unsteady case, fixed Gurney (d) Unsteady case, actuated Gurney
(e) Unsteady case, fixed Gurney (f) Unsteady case, actuated Gurney
Figure 3.14: Pressure coefficient behind a fixed (a) and an active (b) Gurney flap, and lift and drag
coefficients of the 3D wing computed unsteady with the fixed (c, e) and the active (d, f) part-span
Gurney flap.
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(a) (b)
(c) (d)
Figure 3.15: Pressure coefficient behind a swinging Gurney at 45 degrees (a) and at 135 degrees of
actuation (b), and Lift and Drag coefficients of the 3D wing computed unsteady with the swinging
Gurney (c, d).
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3.2 3D Computations - Gurney flaps vs Vortex generators: Com-
parison study of aerodynamic characteristics
3.2.1 Static Computations
To evaluate the effect of different flow control devices in preventing or delaying the separation of the
flow due to stall, several unsteady calculations at fixed pitch as well as pitching-translating wing calcula-
tions were conducted as a preliminary stage. During a pitching-translating computation (dMdt) aerofoil
or the wing are set to a pitching and translational motion, so that a specific section of a rotor can mimic
the conditions of a rotor in forward flight.
Fixed Gurney flaps and vortex generators (VGs) were studied and compared for the unsteady
calculations of a NACA23012M wing of 1.15c span at fixed pitch. NACA23012M consists the main
section used on the rotor case studied in the next chapters. The performace of this aerofoil is presented
in Appendix B. 20 pairs of counter rotating vortex generators vanes were located at 20% of the chord
from the leading edge. The distance between each pair was 0:05c and the angle at which the VGs were
set to form a pair was 46o. The size of the grid was approximately 4 106 nodes, while the sliding
plane technique was used to keep that size reasonable and the mesh refined close to the VGs area where
the formation of the vortices was expected. The VGs specifications as well as the mesh topology and
the sliding planes used are presented in Figs. 3.16-3.18. Two sizes of VGs were tested, 510 3c, and
10 2c. It has to be noted that the sliding planes used for these cases can also be used for a rotor case
with vortex generators implemented.
Fig. 3.19 presents the fixed Gurney flap which is modelled at the trailing edge of the wing and
along the whole span. The size of that Gurney is 10 2c and the size of the last cell which accommodates
the flap is 10 3c. Different Gurney sizes were tested from 10 3c to 2 10 2c. The Gurney flap was
modelled based on the method described in chapter 2.
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(a)
(b)
Figure 3.16: (a) NACA23012M wing with 20 pairs of counter rotating vortex generators, (b) specifica-
tion of vortex generator vane.
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Figure 3.17: Overview of sliding planes used for grid refinement.
(a) (b)
Figure 3.18: Overview of the mesh (a) near the vortex generators, and (b) near the trailing edge.
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(a) (b)
Figure 3.19: (a) NACA23012M wing with fixed Gurney flap at the trailing edge, and (b) a close view of
the flap and surface mesh near the trailing edge.
2D symmetry conditions were applied on the boundaries for both cases. The k-w SST model
was used, while the freestream Mach and Reynolds number were 0:2843 and 1:72 106 respectively.
The results are presented in Figs. 3.20 - 3.22.
Based on those results some important remarks can be made. It is obvious that the Gurney flap
increases significantly the lift coefficient, but this comes with a drag penalty and increase of the pitching
down moments. On the other hand, vortex generators did not affect significantly the aerodynamic loads
of the clean wing. However, the effect of VGs become stronger at high angles of attack. Moreover, the
maximum clean CL (L=D = 34:1) can be achieved by using a Gurney flap at 6:7o less with an increase
of the lift to drag ratio at the same time (L=D = 54:6), while the use of VGs will result at the same lift
coefficient at 1:7o less with similar increase of the L=D ratio (L=D = 51:5). By decreasing the size of
the Gurney flap at high angles of attack the effect of the Gurney came closer to the one of the vortex
generators, while the drag and moment penalties were significantly decreased. This outcome shows that
a carefully designed Gurney flap and actuation algorithm can result at the same effect as VGs at high
angles of attack, while maintaining its positive effects at low angles of attack.
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(a)
(b)
Figure 3.20: (a) Lift, and (b) drag, coefficients comparison between Gurney flap and vortex generators
for a wing NACA23012M,M = 0:2843;Re= 1:72106.
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(a)
(b)
Figure 3.21: (a) Moment coefficient, and (b) lift over drag ratio comparison between Gurney flaps and
vortex generators for a wing NACA23012M,M = 0:2843;Re= 1:72106.
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Figure 3.22: Lift over drag ratio versus lift coefficient comparison between Gurney flaps and vortex
generators for a wing NACA23012M,M = 0:2843;Re= 1:72106.
3.2.2 Pitching translating wing computations
To evaluate the effect of the above flow control devices in preventing or delaying the separation of the
flow due to retreating blade stall several dMdt calculations were conducted next. For such computations
the harmonic motion of the wing is given by:
x= x0+
nhar
å
i=1
xssin(2kit)+ xccos(2kit), (3.1)
where the x0 is the mean translation, nhar is the number of harmonics, k is the reduced frequency
of the first harmonic, and xs and xc are the coefficients of the sine and cosine contribution of each
harmonic.
At this study a NACA23012M wing of 4 chords span was used again with symmetry conditions
applied on the boundaries, while the pitch and translational schedule were selected based on flight test
data of the W3 Sokol helicopter so that the wing experiences retreating blade stall. Both flow control
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devices covered 30% of the span of the wing, and the vortex generators of size 10 2c were fixed while
the Gurney flap of size 210 2c was actively deployed at the retreating side. On a forward flight case
of freestream speed M¥ = 0:2052 a blade section experiences a flow of speed given by:
Msection =Mtip
r
R
+M¥sin(Y). (3.2)
dα /dt
dx/dt
(a)
(b)
Figure 3.23: Description of pitching translation wing simulating the forward flight effect of a rotor
section.
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The parameters that are used in the calculation are presented in Table 3.1, while Fig. 3.24
presents the pitch, and the translation that the wing section experiences, as well as the local velocity
of the wing. The process of setting up a dMdt study is described in detail on HMB2 technical note
TN-DMDT. Although the inflow and 3D effects are not taken into account, dMdt is a very good and
efficient calculation compared to a rotor case in order to approximate the forward flight effect on a blade
section of a rotor.
(a) (b)
(c)
Figure 3.24: (a) Pitching, (b) translational motion, and (c) variation of the local velocity of the
NACA23012M wing. dMdt case is presented in Table 3.1.
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Parameters Value
m 0.3229
reduced frequency 0.06228
mean rotation 10.0 deg.
cos coefficient 2.0 deg
sin coefficient -4.0 deg
mean translation 0.0 c
cos coefficient 4.9627 c
sin coefficient 0.0
Table 3.1: Parameters for the dMdt computations.
Based on Figs. 3.24, the wing section simulating the 45% of the blade radius of W3 Sokol
main rotor, is pitching down and moving forward (from positive to negative x) with high local speed
at the advancing side, while at the retreating side the local speed is decreased, and the wing is moving
backward (from negative to positive x) and it is pitching up. The integrated loads presented in Fig. 3.25
show the relative small effect of both devices during the overall cycle of the wing. The main reason is
that the loads were integrated along the whole wing while the control devices covered only one third of
the wing span. Secondly, the loads presented in Fig. 3.25 are based on the freestream speed and not on
the local speed of the wing. However, the effect of both devices in delaying or preventing the retreating
blade stall can be investigated by visualising the flow at azimuth Y= 270o.
Case M2CL M2CD M2CM L=D
Clean wing 2:5610 2 0:6010 2 0:32010 3 4:305
Wing with active Gurney flap 2:7710 1 0:6410 2  0:04610 3 4:350
Wing with vortex generators 2:5710 2 0:6010 2 0:31910 3 4:295
Table 3.2: Loads for clean wing and wing with flow control devices at azimuth Y= 270o.
Case M2CL M2CD M2CM L=D
Clean wing 9:95410 2 1:64210 2 4:02710 3 6:140
Wing with active Gurney flap 1:02910 1 1:71310 2 3:25010 3 6:106
Wing with vortex generators 9:97610 2 1:65410 2 3:94110 3 6:111
Table 3.3: Average loads for clean wing and wing with flow control devices on DMDT motion.
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Table 3.2 presents the loads of the clean wing and the wing with the devices implemented at
that specific azimuthal step. The 20 pairs of counter-rotating vortex generators did not alter the L=D
ratio although they decreased the separated flow due to stall. On the other hand, the active Gurney flap
increased the L=D ratio by 1:1%. At the same time although the separated flow was further decreased
compared to the VG case it is to be noted that the direction of the wake was slightly changed, which in
the case of a rotorcraft it may lead to blade vortex interaction. The pitching down moments that were
introduced due to the Gurney can be used to alter the twist distribution on a relative soft blade in torsion
which will lead to even lower collective and torque requirement. This is demonstrated later in chapter
4.
Figs. 3.26 - 3.28 show the detached flow for three different cases used for this study. As can
be seen in Fig. 3.28 the active Gurney flap was the device which delayed the onset of the separation
more. However, based on the Table 3.3 and the comparison of the average loads around the azimuth
it is obvious that the schedule of the actuation of the Gurney must be carefully designed to lead to
aerodynamic performance enhancement.
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(a) (b)
(c) (d)
Figure 3.25: (a)M2CL, (b)M2CD, (c)M2CM , and (d) L=D comparison for clean wing (black solid line),
wing with active Gurney flap (blue dashed line), and wing with vortex generators (green dashed-dotted
line). dMdt case is presented in Table 3.1.
84
CHAPTER 3. AEROFOIL-WING COMPUTATIONS 3.2. GURNEY FLAPS VS VGS
Figure 3.26: Visualisation of the streamlines along the span of the clean wing. The red line indicates the
onset of the separation. dMdt case is presented in Table 3.1.
Figure 3.27: Visualisation of the streamlines along the span of the wing with active Gurney flap. The
red and blue line indicates the onset of the separation on the clean wing and the wing with active Gurney
respectively. dMdt case is presented in Table 3.1.
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Figure 3.28: Visualisation of the streamlines along the span of the wing with vortex generators. The
dashed green line indicates the onset of the separation on the wing with the vortex generators. dMdt
case is presented in Table 3.1.
3.3 Summary
The main aerofoil sections used on the W3-Sokol main rotor were initially studied with CFD to in-
vestigate the change of the aerodynamic performance resulted by some modifications on the baseline
NACA23012. Next, a preliminary study took place, and two flow control devices were tested on the
modified NACA23012M section. The main target of the study was to identify the advantages and limi-
tations of those mechanisms, as well as their potential use for delaying retreating blade stall separation
of the flow. The active Gurney flap proved to be more effective and it can be used to alter the aerody-
namic performance of the blade not only by affecting its aerodynamics, but also by changing locally the
pitch of the blade section. At the next chapters both fixed and active Gurney flaps will be tested on the
W3-Sokol main rotor in hover and forward flight.
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Chapter 4
W3-Sokol main rotor blade in hover
This chapter has been published in the conference proceedings of European Rotorcraft Forum 2013,
Moscow, Russian Federation, in the Journal of Fluids and Structures, and it is accepted as a book
chapter in Springer book “Advances in Fluid-Structure Interaction".
4.1 Introduction
This chapter demonstrates the CFD solver capability of modelling Gurney flaps on rotors in hover using
a UH60A main rotor blade and it focuses on the potential effect of a Gurney flap on the performance
of the W3-Sokol rotor blade in hover. A rigid blade was first considered and the calculations were
conducted at several thrust settings. The Gurney flap was extended from 46%R to 66%R and it was
located at the trailing edge of the main rotor blade. Four sizes of Gurney flaps were studied, 2%, 1%,
0.5% and 0.3% of the blade root chord. The biggest flap proved to be the most effective. A second study
considered elastic blades with and without the Gurney flap. The results were trimmed at the same thrust
values as the rigid blade and indicate an increase of aerodynamic performance when the Gurney flap is
used, especially for high thrust cases.
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4.2 UH60A rotor
For the UH60A rotor case, the grid has not been developed with running with a Gurney flap in mind.
This means that the Gurneys will not be well-approximated by the block interface. The span-wise
resolution will be poor with most cases only a handful of cells being used in the span-wise direction.
The Gurneys will not have well approximated lengths since the last couple of cells in the boundary layer
mesh will make up nearly 50% of the total Gurney length. However, this is a very good grid to test
the robustness of the flagging algorithm since all these problems makes marking which faces are to be
included in the Gurney more difficult.
If the steady state formulation of the hover method is used within HMB2, it is not possible to
actuate the Gurney flap. In hover, the Gurney flap must be specified using the global coordinates of the
blade just as in the 2D and 3D wing cases described in chapter 2, and a fixed deployment should be
assigned to it. Fig. 4.1 shows two Gurneys on the back of a UH60A rotor. As can be seen from Fig.
4.1a it is possible for a Gurney to span more than one block faces, as well as, to have multiple Gurneys
within a single block. However, it is not possible to have multiple Gurneys within a single cell face
since this case this face would be double accounted for once for each Gurney. It can be seen in Fig. 4.1b
that the mesh was not designed with a Gurney in mind for example the lack of orthogonality to the rotor
surface at the most outboard cell faces.
To demonstrate the capability of modelling Gurney flaps in HMB2, the UH60A rotor was anal-
ysed in hover, with and without Gurney flaps. The flaps were placed at the position shown in Fig. 4.1.
The locations of the flaps were specified in the HMB2 input files and the computation was run for more
than 20,000 steady steps. The surface pressure coefficient on the clean and flapped blades is shown in
Fig. 4.2 and as can be seen the influence of the flap is extended on the upper and lower surfaces as ex-
pected. The effect of the flap is localised and it seems to decay rapidly away from the tips. The Gurney
enhanced the lifting of the blade but at the same time, it increased torque and pitching moments. This
result was expected since Gurneys are known to have large moments and when compared to trailing
edge flaps they suffer from higher drag penalty for the same effect on the lift. On the other hand, the
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size, place and extension of the Gurney were not optimised. The effect of the Gurney on the surface
pressure coefficient of blade is shown in Fig. 4.3. The additional vortices due to the Gurney flaps are
also visualised using the Q-criterion. It is to be mentioned that the wake behind the Gurney flap may
lead to more blade vortex interaction and interaction with the fuselage.
0.51 r/R
0.82 r/R
(a) An inboard and outboard Gurney
(b) Close up of outboard Gurney
Figure 4.1: Visualisation of the inboard and outboard Gurneys on the UH60A rotor.
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(a) No Gurney flap
(b) With two Gurney flaps
Figure 4.2: Surface pressure distribution on the UH60A hovering rotor with and without Gurney flaps.
Mtip = 0:63, Re= 7:83x106.
90
CHAPTER 4. HOVER CASE 4.2. UH60A ROTOR
(a) Clean Blade
(b) Gurney Flaps
Figure 4.3: Visualisation of the Gurney effect on the UH60A hovering rotor with contours of pressure
coefficient based on the tip speed and iso-lines of vorticity magnitude. Mtip = 0:63, Re= 7:83x106.
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4.3 W3-Sokol MRB Geometry
The W3-Sokol main rotor consists of four blades made out of fibre-glass. It is a soft blade in torsion
that encourages the idea of the implementation of a Gurney flap in order to alter the twist distribution
along the radius of the blade. Fig. 4.4 presents the geometry of the original MRB. The radius of the
blade is along the x-axis and the leading-edge points towards the positive y-axis as the blade is rotating
counter-clockwise. Although different sections of 5-digit NACA series are used along the radius, the
basic section is the NACA23012M created by taking some camber out of the baseline NACA23012. At
0:678R of the blade there is a trim tab of 0:1c length and 0:07R span, while from 0:75R and up to the
blade tip there is a trailing edge tab of 0:05c. The tip of the blade is rounded as shown in Fig. 4.4-
III(upper panel). The MRB has a blunt trailing edge. All these geometric characteristics increased the
complexity of the generated mesh. Adding a fixed Gurney within the multiblock mesh topology would
increase the number of nodes and would require additional computational cost to calculate even a steady
hover case. For this reason the implementation of a infinitely thin Gurney flap was essential. For hover
a Gurney flap of 0:01c was initially located at 0:46R. The span of the Gurney was 0:2R and its location
and geometry are presented in Fig. 4.4-II(upper panel). The Gurney flap was flagged using the local
mesh around the blade. This allows a normal to the trailing edge flap of zero thickness to be simulated
(Fig. 4.4(lower panel)).
The mesh used for the hover calculations consists of 5.8 million nodes. A mesh convergence
study suggested that this large number of cells was needed for the blade-loads to converge. It is a
combined C-type topology in the y-plane with 402 nodes along the blade and O-type topology in the
x-plane with 196 nodes around every section of the blade. In the normal direction of the blade 64 nodes
have been used. The domain is split in 1360 blocks and it is presented in Fig. 4.5. For the 4-bladed W3-
Sokol rotor, the periodicity boundary condition in space and time is applied in a sector of 2p=4 radians.
At the farfield, the inflow, and the outflow surfaces the Froude condition for hover, presented by Wake
and Baeder[103], was applied. The farfield was located 52 chords away from the tip of the blade, while
the inflow and outflow boundaries are located 30 and 60 chords away from the blade, respectively.
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Figure 4.4: (I) Geometry of W3-Sokol MRB, (II) close view at the trim tab and the trailing edge tab,
(III) close view at the tip.
4.4 Rigid Blade Computations
4.4.1 Performance estimates
Comparative performance calculations have been conducted at six thrust settings for the rigid clean
blade using the k w SST turbulence model. The collective and coning angles used at every case
are presented in Table4.1. The maximum FM was 0:74 and it was observed at medium thrust settings
(CT=s = 0:185). At the same setting the torque coefficient was CQ = 0:001. The hover performance
for the clean blade as well as the blade with Gurney flaps can be seen in Figs. 4.6 and 4.7, and an
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(a) (b)
Multiblock topology for a rotor in hover Detailed view of periodic planes
(a) (b)
Detailed view on inflow - outflow conditions Blocks around blade in hover.
The numbers in brackets indicate number
of nodes on the block edges
Figure 4.5: CFD mesh and boundary conditions on W3 Sokol rotor in hover.
enlarged view is presented in Fig. 4.8. Three vertical lines are also drawn in that figure corresponding
to estimated weight cases for a typical helicopter like the W3 Sokol. In fact, the green line represents
hover data provided by PZL Swidnik in order to validate the CFD methods. About 200,000 iterations
were needed for a well converged solution. If the trimmer was also employed, it added an additional
number of iterations since after every retrim the flow needs to adjust and further steps to converge.
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Case q0 (deg) b0 (deg) CT
1 4:5 (3:6) 1:5 (0:6) 0:0045
2 7:0 (6:1) 2:5 (1:8) 0:0082
3 10:0 (9:1) 5:0 (4:1) 0:0132
4 11:5 (10:5) 6:0 (5:2) 0:0154
5 14:0 (12:9) 6:2 (5:5) 0:0189
6 16:0 (14:4) 10:0 (8:7) 0:0209
Table 4.1: Control angles and target thrust coefficients for the clean W3-Sokol blade and the blade with
fixed Gurney flap of 2% of the chord (in brackets) in hover.
Figure 4.6: Figure of merit versus thrust coefficient for the W3 Sokol MRB in hover (Mtip =
0:618;Retip = 3:74 106;s = 0:0714).
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Figure 4.7: Torque versus thrust coefficient for the W3 Sokol MRB in hover (Mtip = 0:618;Retip =
3:74 106;s = 0:0714).
Figure 4.8: Estimated benefit in hover flight when a Gurney flap is deployed (Mtip = 0:618;Retip =
3:74 106;s = 0:0714).
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4.4.2 Analysis of Rigid Blade Results
In Fig. 4.9a the surface pressure coefficient is presented and in Fig. 4.9b the CP plots at three different
sections for the clean blade can be seen. The r=R= 0:56 station is where the Gurney flap will be located,
while in the r=R= 0:73 section the expected effect of the blade trim tab is observed. The trailing edge
tab seems to have a similar effect, which can be seen from the pressure distribution at r=R = 0:89. In
Fig. 4.10a the wake of the blade is visualised using the vorticity magnitude of 0:1s 1, which shows
that the vortex created at the tip of the blade interacts with the following blade at near 0.89R, due to the
wake contraction. After calculating the performance of the W3 rotor in hover, a Gurney flap of 0.2R
span was implemented at r/R=0.46 of the blade. The height of the flap varied from 0.3%c up to 2%c and
the flap was assumed to be infinitely thin. Hover calculations were conducted for six thrust settings and
the HMB2 trimmer was used to force the blade to reach the same thrust as the clean blade. It is pointed
out that the Gurney improves the performance of the rotor above medium thrust (CT=s = 0:185). The
most beneficial Gurney size is 2% of the chord and the maximum benefit in figure of merit was +0:044
atCT = 0:0154 (CT=s = 0:216) which corresponds to 6:3% increase compared to the clean case. These
results can be seen in Fig. 4.6. The Gurney effect on the wake of the blade is well captured and it
is presented in Fig. 4.10b using the isosurface of vorticity magnitude equal to 0:1s 1. For the clean
case only the vortices created by the trim tab and the tip of the blade are obvious, while on the blade
with the fixed Gurney the vortex generated due to the flap is observed inboard. In Figs. 4.11, 4.12 the
pressure coefficient on the blade surface is presented for the blade with and without a Gurney flap. The
effect of the flap on the decrease of the pressure on the suction side and the increase of the pressure on
the pressure side is clear, although this effect decays rapidly away from the tips of the flap. A further
comparison is conducted between the sectional pressure coefficients of both blades in Fig. 4.13. It shows
that a Gurney of 2%c alters the pressure distribution at almost 80% of the sectional surface. At lower
thrust where the collective of the blade is not very high the Gurney extends more out of the boundary
layer and creates additional drag leading to a decrease of the blade performance.
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(a)
(b)
Figure 4.9: (a) Pressure coefficient along the W3 MRB and (b) pressure coefficient at different sections
of the blade normalised using the local dynamic head, q = 10o, b = 5o, CT = 0:0132, FM = 0:7432,
CQ = 0:001.
98
CHAPTER 4. HOVER CASE 4.4. RIGID BLADE COMPUTATIONS
(a)
(b)
Figure 4.10: Wake visualisation on W3 MRB (a) with out and (b) with Gurney flap in hover by using
the isosurface of vorticity magnitude equal to 0.1 s 1, q = 10o, b = 5o, CT = 0:0132, FM = 0:7432,
CQ = 0:001.
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Figure 4.11: Pressure distribution on upper and lower surface of W3 MRB without Gurney. q = 11:5o,
b = 6o,CT=s = 0:216, FM= 0:6934,CQ = 0:00138.
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Figure 4.12: Pressure distribution on upper and lower surface of W3 MRB with Gurney. q = 10:46o,
b = 5:21o, CT=s = 0:216, FM= 0:7374,CQ = 0:00129.
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Figure 4.13: Pressure coefficient at r=R = 0:56 - Comparison between clean blade and blade with
Gurney flap.
4.5 Aeroelastic Calculations
4.5.1 Application of the Aeroelastic Method and Trimming
Given the sectional properties of the blade, aeroelastic calculations were conducted at the same thrust
settings. In Fig. 4.14 the blade is modelled using beam elements in NASTRAN to calculate the deformed
shape according to the loads extracted from the flow solution. The structural properties of the blade are
presented in Fig. 4.15 which suggests that this blade is soft if compared to more modern designs.
Especially, the beamwise and the torsional stiffness are very low compared to the chordwise stiffness
along the radius which allows the blade to flap and to twist more during flight. The process of getting
the final converged solution is summarised in Fig. 4.17b. Having obtained the converged solution for
the rigid blade the aerodynamic loads along the blade are extracted and NASTRAN is used to obtain
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the new deformed shape using a non-linear analysis (SOLxyz). The mesh is then deformed according
to that shape and the flow-field is updated until convergence. The trimmer is then employed to reach the
required thrust coefficient and the same process is repeated until the loads converge.
Figure 4.14: Structural model of the W3 Sokol blade used in NASTRAN.
Figure 4.15: Structural properties of the W3 Sokol blade used in NASTRAN.
4.5.2 Analysis of Elastic Blade Results
The black dots in Figs. 4.6 and 4.7 correspond to the aeroelastic calculations performed for the W3
MRB and the performance of the blade is improved. The agreement between the estimated FM and
this of tests is also better. The reason for the aerodynamic enhancement is partly due to the structural
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Figure 4.16: Convergence history for thrust coefficient, collective and coning angle during aeroelastic
hover computations along with trimming process.
properties of the blade which allow some twist, and as a consequence, the higher twist leads to a higher
figure of merit in hover as mentioned in studies by Keys et al.[104], and by Gagliardi et al.[59]. In Fig.
4.18 the effect of the Gurney flap on the sectional thrust, pitching moment, and torque coefficients is
presented at the point where the maximum positive effect was captured. The filled squares and the
open circles correspond to the loads applied on the nodes used in the structural model. The Gurney
increased the sectional thrust locally near its location, but the integrated average thrust remained the
same due to trimming. As far as the torque is concerned, the Gurney flap decreased the requirements
more. At the same time the Gurney flap introduced more nose-down moments which tend to lower the
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Figure 4.17: Flow chart for aeroelastic calculations in hover.
collective by more than 1 degree as presented in Fig. 4.22. Although the collective of the blade was
further decreased by using a Gurney the overall thrust capability of the blade was maintained as extra
lift was provided by the flap. Finally, in Fig. 4.21 the change of the twist for both the clean blade
and the blade with the biggest Gurney flap is presented to justify the positive aerodynamic effect of
the Gurney by further increasing the twist by 1:2 degrees. It has to be noted that the twist changes are
caused because of the elastic deformation of the blade due to the aerodynamic loads and the nose down
pitching moments introduced by the flap, while the collective pitch decreases due to the lift increase
of the flapped configuration. These results correspond to the hover case where the Gurney flap had the
most beneficial effect (CT=s = 0:216). The corresponding results to the lower and higher thrust cases
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are presented in Figs. 4.19 and 4.20. The effect of the Gurney is quantified in Fig. 4.8. For a given
torque requirement it is obvious that using the Gurney a higher thrust coefficient can be reached. This
CT increase for the case of flight test data corresponds to a weight increase of 220 kgs. Moreover, based
on Makofski’s study [105] the hover endurance of the helicopter, which is the ability of the rotorcraft to
hover till the fuel is totally consumed, increased by 28:8 minutes.
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(a)
(b)
(c)
Figure 4.18: (a) Sectional thrust coefficient, (b) pitching moment coefficient, and (c) torque coefficient
of the W3 MRB with (dashed line) and without Gurney flap (solid line). Clean blade: q = 11:5o,
b = 6o,CT=s = 0:216, FM = 0:6934,CQ = 0:00138. Blade with Gurney flap: q = 10:46o, b = 5:21o,
CT=s = 0:216, FM= 0:7374,CQ = 0:00129. Gurney size = 2%c.
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(a)
(b)
(c)
Figure 4.19: (a) Sectional thrust coefficient (b) pitching moment coefficient, and (c) torque coefficient
of the W3 MRB with (dashed line) and without Gurney flap (solid line). Clean blade: q = 10:0o,
b = 5o, CT=s = 0:1853, FM = 0:7432, CQ = 0:001. Blade with Gurney flap: q = 9:15o, b = 4:16o,
CT=s = 0:1853, FM= 0:7429,CQ = 0:001. Gurney size = 2%c.
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(a)
(b)
(c)
Figure 4.20: (a) Sectional thrust coefficient, (b) pitching moment coefficient, and (c) torque coefficient
of theW3MRBwith (dashed line) and without Gurney flap (solid line). Clean blade: q = 14o, b = 6:2o,
CT=s = 0:264, FM = 0:622, CQ = 0:0021. Blade with Gurney flap: q = 12:92o, b = 7:36o, CT=s =
0:264, FM= 0:656, CQ = 0:0017. Gurney size = 2%c.
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Figure 4.21: Change of twist distribution for W3 MRB with and without Gurney flap in hover. Gurney
size = 2%c.
(a) (b)
Figure 4.22: (a) Collective and (b) coning angle after trimming versus CT=s for different Gurney sizes
on the W3 MRB in hover.
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4.5.3 Parametric study of structural model characteristics
One question that was raised during this study regards the possible effect of the Gurney flap actuation
mechanism on the structural dynamics of the blade. For that reason a parametric study was conducted
taking into account different structural properties of the blade as well as adding extra weight which
corresponded to the actuation mechanism. The aim was to quantify and qualify the Gurney effect, as
well as, to compare it against the effect that a blade-tip design study may have on the structural properties
of a given blade.
First of all, a parametric study was taken place to check how several variables in the model used
in NASTRAN affect the final deformation of the blade. The first parameter investigated was the sectional
area of the aerofoil used. A first attempt was made with the main aerofoil of UH-60A helicopter as its
blade was almost as long as the W3 MR blade. The area of UH-60 A was As = 0:01886m2. However,
the area of NACA23012M was more than 4 times bigger with As = 0:08127m2. It is proved that the
sectional area of the blade is too small comparing to the other dimensions and even a big change hardly
affects the deformation of the blade. An other parameter that should affect the deformation of the blade
and it is not specified is the stiffness of the blade. Data provided by PZL Swidnik considered the product
of stiffness with Young modulus E or with Shear modulus G as far as torsional stiffness is concerned. If
the material used for the blade is supposed to be the fibre glass and is considered to be unique along the
blade then a small study on the literature could give a good approximate value of E, G and n which is
the Poisson ratio. As a result a final study was conducted considering these parameters. First of all, the
Young modulus was decreased by 2 order of magnitude but the Poisson ratio remained the same, which
showed that it affects the deformation of the blade to great extent and especially the pitch of the blade.
For the completeness of the study the effect of different tip designs on the aeroelastic response
of the blade was studied using the S-76 blade. The details of the model are presented in the Appendix D.
Four different tip designs are used, a rectangular, a tapered, a swept, and a tapered-swept as presented in
Fig. 4.23. Basically, what changes between the four designs is the mass distribution, the torsional inertia
of the tip segment, and the location of both elastic axis and centre of gravity at the tip. The comparison
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of the modes up to 125Hz are presented in Figs. 4.29-4.31. It is to be noted that the different designs did
not alter the characterisation of the modes and the frequencies were shifted by less that 1% compared
to the baseline tip design. This outcome shows that even such differences in the design, which lead
to significant changes on the aerodynamic behaviour of the blade, will not affect a lot the aeroelastic
response of the blade. Figs. 4.25 -4.28 present the properties used in NASTRAN for three different
blades, the S-76, the W3-Sokol, and the UH60A blade to get an insight of the different parameters used
in the models.
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Figure 4.23: Different tip shapes of S-76 blade [106].
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Figure 4.24: Structural model of S-76 blade.
Figure 4.25: Mass distribution of different blades used for static computations.
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Figure 4.26: Flapwise moment area of inertia of different blades used for static computations.
Figure 4.27: Chordwise moment area of inertia of different blades used for static computations.
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Figure 4.28: Torsional constant of different blades used for static computations.
Figure 4.29: Spoke diagram for S-76 blade, comparison between rectangular and tapered-swept tip
design.
116
CHAPTER 4. HOVER CASE 4.5. AEROELASTIC CALCULATIONS
Figure 4.30: Spoke diagram for S-76 blade, comparison between rectangular and tapered tip design.
Figure 4.31: Spoke diagram for S-76 blade, comparison between rectangular and swept tip design.
117
4.5. AEROELASTIC CALCULATIONS CHAPTER 4. HOVER CASE
According to the study conducted by Hoerner [107] on the Aerodynamic shape of the rotor blade
tips it was found that the shape of the tip leads to a different formation of the generated vortex. For the
case of a rounded tip he observed based on water tunnel experiments that the vortex is generated above
the tip. This vortex was also captured during both rigid and aeroelastic calculations and it is presented
in Figure 4.32. As shown the vortex starts to form close to the trailing edge of the tip and has been fully
formed above the blade before leaving the blade tip. According to Hoerner this type of blade it may lead
to a decrease of the effective span of a fixed wing up to 20% of the chord.
Figure 4.32: Vortex generated at the blade tip of W3 Sokol in hover.
Finally, the effect of the additional mass of the Gurney flap actuation mechanism on the aeroelas-
tic response of the blade was tested by distributing an additional 10% of the total mass of the blade at the
sections where the Gurney flap was located. Next Figures present the spoke diagram of the clean blade
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and a comparison against the fully instrumented blade is given in Table 4.2. Again, the mode shape char-
acterisation was not altered by the Gurney flap mechanism, while the frequencies of the given modes
were decreased up to 1:6%. As a result it seems that the uncertainty due to the Gurney flap is of the
same order of magnitude with the one introduced due to the different tip shape designs.
Figure 4.33: Spoke diagram for W3-Sokol blade. Circles are used for blade with Gurney flap.
Mode Shape Clean blade frequency (Hz) Blade with Gurney flap frequency (Hz) Difference (%)
1st chordwise 3:2738 3:2551  0:57
1st flapping 4:7496 4:7249  0:52
2nd flapping 12:3107 12:1162  1:58
2nd chordwise 19:7262 19:5171  1:06
3rd flapping 21:763 21:4257  1:55
4th flapping 33:479 33:1141  1:09
5th flapping 47:973 47:3254  1:35
3rd chordwise 50:1519 49:8109  0:68
1st torsional 64:9486 64:3511  0:92
2nd torsional 84:5769 83:3505  1:45
Table 4.2: Mode shapes frequencies for clean blade and blade with fixed flap in hover, w = 268:48RPM.
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4.5.4 Hover Wake Resolution Using Chimera Technique
After having estimated the effect of the Gurney on both rigid and elastic blade in hover the next step is to
investigate howmuch this effect will change when a well refined mesh is used to capture the wake behind
the Gurney flap. For that purpose one additional calculation was run using some of the functionalities
of the solver, which are the Chimera technique, the sliding planes method and the virtual Gurney flap.
The mesh topology is presented in Fig. 4.34. The grid size was approximately 30 million cells, and
Figs. 4.35, 4.36 show how the different parts of the mesh were communicating either with Chimera
(blade mesh - background mesh 1) or through a sliding plane (background mesh 1 - background mesh
2). For CT=s = 0:12 parameters used at the matching grid case calculations the blade overestimated
the thrust by 3:1%. Fig. 4.37 presents the visualisation of the wake behind the Gurney flap which very
well captured. It should be mentioned that although same trim state was used for the Chimera and the
matching grid case, it is difficult to appreciate the difference in the results as the cases are not trimmed
at the same thrust setting due to additional computational requirements.
Figure 4.34: W3 Sokol blade in hover using Chimera technique.
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Figure 4.35: W3 Sokol blade mesh and Background mesh.
Figure 4.36: Overview of background mesh at the left, and close view of the two background meshes at
the right.
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Figure 4.37: Visualisation of vorticity isosurface with W-velocity contour and W3 Sokol blade with
pressure distribution contour for the blade with fixed Gurney flap in hover,CT = 0:012.
4.6 Summary
In this chapter the use of a Gurney flap was put forward as a means to improve the hover performance of a
helicopter rotor. TheW3 Sokol MRB was used in this work due to the availability of the blade shape and
structural properties. The maximum FM of the blade did not improve, but at high thrust settings it was
enhanced by 6% over the performance of the clean blade. The effect of the Gurney flap to pitch the nose
of the section down was evaluated with aeroelastic calculations and it was found that the extra lift of the
Gurney in combination with the extra blade twist resulted in an increased FM. For further performance
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improvement a Gurney flap of bigger span could be considered. Among different sizes of Gurney the
one of 2% of the chord was the most effective. However, apart from the aerodynamic enhancement
that a Gurney provide there always may be limitations in the aspects of design and functionality. For
that reason the effect of the Gurney flap and the actuation mechanism on the aeroelastic response of the
blade was studied and showed that by adding 10% of the total mass of the blade on the section where the
Gurney is located did not affect significantly the mode shapes of the blade. Finally, a refined mesh was
used for capturing the wake behind the Gurney flap by using Chimera technique and the results showed
a good agreement with the matching grid case. Next, the effect of an active Gurney flap will be tested
on the W3-Sokol main rotor in forward flight and the device will be evaluated in retreating blade stall
alleviation.
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Chapter 5
W3-Sokol main rotor in forward flight
This chapter has been published in the conference proceedings of European Rotorcraft Forum 2014,
Southampton, United Kingdom, and it is accepted for publication in the AIAA Journal of Aircraft.
5.1 Introduction
This chapter presents modelling of active Gurney flaps on a UH60A rotor. Then, CFD results are pre-
sented for the performance of the W3-Sokol rotor in forward flight and an investigation of the potential
effect of the implementation of an active Gurney flap. Both rigid and elastic blade models were consid-
ered and calculations were guided using flight test data. The Gurney flap was extended from 40%R to
65%R and was located at the trailing edge of the blade. The size of the Gurney was selected to be 2%
of the chord based on a previous study for the same rotor in hover.
5.2 UH60A in forward flight
The UH60A rotor analysed by Steijl and Barakos [108] was initially used with an active Gurney in
forward flight. The CFD mesh was relatively coarse as it was used to demonstrate the method of imple-
menting Gurney flaps within the HMB solver. The size of the Gurney used was 2:2%c, the span of the
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Gurney was 0:465c and it was located at 0:82R. M¥ = 0:2363, Re= 5x106, and advance ratio m = 0:368
were used for the calculations. A 1/Rev actuation schedule was used, which is presented in Fig. 5.1.
Here, the Gurney flap is retracted at Y = 90o, while it is 50% deployed at Y = 0o and Y = 180o, and
reaches full deployment at Y = 270o. Figs. 5.3 - 5.5 presents the surface pressure coefficient on the
clean and flapped blades. The effect of the Gurney is visible at 0, 180 and 270 degrees of azimuth as
expected by the employed actuation schedule. As was the case for the hovering rotor, the span-wise
effect of the flap appears to decay rapidly. The strongest effect in terms of normal force is captured at
the front and the back of the disk, while negative moments are introduced around the whole azimuth,
apart from the area close to Y= 90o. As far as the torque is concerned, it increased significantly in the
last quarter of the azimuth and always close to the location where the Gurney is deployed. For these
calculations an elastic blade was considered and the results were compared against experimental data
obtained from Coleman and Bousman [109] and for the clean rotor case they show fair agreement. Fig.
5.2 presents the lift and moment distributions at the 0:675R and 0:865R sections around the azimuth for
the clean rotor and the rotor with Gurney after having subtracted the mean values. Although the size of
the Gurney flaps is not big enough to change dramatically the normal force distribution of the section
it seems that it affects the pitching moment at 0:865R section. The integrated loads of the disk for the
elastic rotor can be seen in Figs. 5.6 - 5.8. For the case of the deployment of the Gurney at the suction
side of the blade (Fig. 5.9) the lift of the clean rotor is decreased but there is a benefit on the moments
as most of the previous nose-down pitching moments disappeared. Tables 5.1 and 5.2 present the effect
of the Gurney flap on the mean and peak-to-peak values of the integrated loads. In general, for any
rotor high average thrust values are expected in terms of the integrated normal force loads, while the
blade pitching moments and the torque should remain low. As far as the peak to peak values go, all of
them should remain low and especially the torque, as the requirements for the engine are not expected
to face big changes around the azimuth. For the UH-60A rotor case the Gurney flap increases the thrust
capability of the rotor by 7:4% but the average nose down pitching moment of the blade around the
azimuth is increased by 20%. At the same time the torque is increased by 4%.
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Case M2Cn M2Cm M2Cq
Rigid Coarse Clean 0.07603 -0.00579 0.01328
Rigid Coarse Gurney 0.07941 -0.00682 0.01368
Elastic Coarse Clean 0.07041 -0.00540 0.01398
Elastic Coarse Gurney 0.07563 -0.00648 0.01455
Table 5.1: Pressure-based mean values of integrated loads for UH60-A rotor in forward flight.
Case M2Cn M2Cm M2Cq
Rigid Coarse Clean 0.27856 0.05091 0.038269
Rigid Coarse Gurney 0.31113 0.05143 0.038282
Elastic Coarse Clean 0.38765 0.05317 0.045850
Elastic Coarse Gurney 0.42630 0.05785 0.046060
Table 5.2: Pressure-based peak to peak values of integrated loads for UH60-A rotor in forward flight.
Figure 5.1: Schedule of pitching, flapping motion, and Gurney flap deployment around azimuth for
UH60A in forward flight. 100% deployment represents Gurney size of 2:22% of the chord.
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Lift Distribution, no Gurney at section r=R= 0:675 Moment distribution, no Gurney at section r=R= 0:675
Lift Distribution, Gurney present at section r=R= 0:865 Moment distribution, Gurney present at section r=R= 0:865
Figure 5.2: Comparison of loads between CFD and Experimental data for UH60-A in forward flight at
r/R=0.675 and r/R=0.865.
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(a) No Gurney
(b) Active Gurney, 50%flap deployment
Figure 5.3: Surface pressure coefficient on the UH60A rotor without and with Gurney flap based on the
Mtip of the blade at Y= 0o. M¥ = 0:2363;Re¥ = 5x106;m = 0:368.
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(a) No Gurney
(b) Active Gurney, 50%flap deployment
Figure 5.4: Surface pressure coefficient on the UH60A rotor without and with Gurney flap based on the
Mtip of the blade at Y= 180o. M¥ = 0:2363;Re¥ = 5x106;m = 0:368.
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(a) No Gurney
(b) Active Gurney, 50%flap deployment
Figure 5.5: Surface pressure coefficient on the UH60A rotor without and with Gurney flap based on the
Mtip of the blade at Y= 270o. M¥ = 0:2363;Re¥ = 5x106;m = 0:368.
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Elastic Clean Rotor Elastic Rotor with Gurney
M2Cn difference
Figure 5.6: Normal force coefficient for the UH60A elastic rotor in forward flight with and without
active Gurney flap, Coarse mesh.
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Elastic Clean Rotor Elastic Rotor with Gurney
M2Cm difference
Figure 5.7: Moment coefficient for the UH60A elastic rotor in forward flight with and without active
Gurney flap, Coarse mesh.
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Elastic Clean Rotor Elastic Rotor with Gurney
M2Cq difference
Figure 5.8: Torque coefficient for the UH60A elastic rotor in forward flight with and without active
Gurney flap, Coarse mesh.
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M2Cn M2Cm
M2Cq
Figure 5.9: Integrated loads for the UH60A elastic rotor in forward flight with active Gurney flap de-
ployed in opposite direction (towards suction side) - coarse mesh.
135
5.3. FLIGHT TEST DATA FOR W3-SOKOL HELICOPTERCHAPTER 5. FORWARD FLIGHT CASE
5.3 Flight Test Data for W3-Sokol helicopter
The flight measurements were obtained by PZL-Swidnik and are presented in detail in restricted Ap-
pendix available upon request. Four flight cases were tested: Hover, forward flight at low, medium, and
high speed. 24 different channels were used for this study. A first target of this work was the identifi-
cation of blade stall. Data was used for a forward flight at indicated speed between 236 km/h and 245
km/h, while at the same time the weight of the helicopter was the maximum allowed according to the
design specifications (6400 kg). The time domain flight parameters for that case are presented in Fig.
5.10. As a result, the stall was more severe. Fig. 5.11 presents the peak to peak values for the torsional
moment, and the flapping bending moment at r=0.23R. Fig. 5.12 presents the harmonic analysis for the
flap, lag and feather angles of the first blade. Based on previous experience, for a four bladed rotor the
existence of high harmonic content frequencies which can not be divided by 4 suggests vibrations due
to stall. Table 5.3 presents the forward flight conditions of the W3 rotor.
Figure 5.10: Time domain flight parameters for forward flight with helicopter weight equals to 6400 kg.
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Figure 5.11: Peak to peak values of torsional and flapping bending moment at r=R = 0:23, helicopter
weight equals to 6400 Kg.
Flight Parameters
VIAS 244:4Km=h
M¥ 0:2052
Re¥ 1:2x106
m 0:3229
q0 12:38deg
b0 3:55deg
qc  4:87deg
qs 8:68deg
bc  1deg
bs  3:5deg
Table 5.3: High speed forward flight conditions for the W3 Sokol main rotor.
5.4 W3-Sokol in Forward flight
Fig. 5.13 presents the schedule of the feathering and flap angles of the blade around the azimuth. Based
on that schedule the blade seems to operate beyond the stall limit of the NACA23012M aerofoil at
the retreating side, which could be the cause for stall at inboard sections. The k w SST turbulence
model was used and the rotor completed 4 revolutions with quarter degree steps before the loads reached
convergence.
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(a) Torsional moment
(b) Flapping moment
(c) Lagging moment
Figure 5.12: Harmonic analysis of (a) torsional, (b) flapping, and (c) lagging moment of the first MR
blade at r=R= 0:23, helicopter weight equals to 6400 Kg.
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Figure 5.13: Schedule for the feathering and flapping angle for the W3 Sokol MR blade in forward
flight. Case conditions are presented in Table 5.3.
5.4.1 Rigid blade computations
A separated flow region was identified at the retreating side of the rotor. Fig. 5.14 presents the pressure
distribution and the flowfield at 45%R at several azimuthal positions between Y= 210o and Y= 310o.
The pressure is diverging at Y = 250o, indicates stall, and this can be seen from the visualised stream-
lines, while the flow is re-attached at Y= 310o.
After processing the CFD results, Fig. 5.15 presents the stall map along with the designed
actuation algorithm of the Gurney flap which had a span of 0.25R, located between 0:40R and 0:65R
and its size was 0.02c based on the performance on the flap at the same rotor in hover. The Gurney flap
is fully extracted between 200 and 300 degrees and it is fully retracted between 30 and 120 degrees.
Fig. 5.16 presents a comparison of the pressure distribution between the clean rotor and the rotor with
the active Gurney as well as the flowfield for the Gurney case at inboard sections of the blade, and at the
retreating side of the rotor. It is observed that the pressure coefficient diverges less if the Gurney flap is
actuated which indicates that the flap has removed some of the stall.
Fig. 5.17-5.19 present the disk loads for the clean rotor and the rotor with the active flap along
with the difference on the loads between the two cases for the rigid untrimmed rotor. Fig. 5.17 points
out the higher lift capability of the rotor when Gurney is close to full actuation. It is observed that the
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(a) (b)
(c) (d)
Figure 5.14: Pressure distribution and vorticity magnitude visualisation at r=R= 0:45 of the W3 Sokol
blade in forward flight at (a)Y= 210o, (b)Y= 250o, (c)Y= 270o, and (d)Y= 310o. Case conditions
are presented in Table 5.3.
actuation of the Gurney does not induce local nose up moments, but simply reduces the high nose down
moments that are generated in the clean blade configuration by the passage of a strong vortex on the
suction side of the aerofoil during dynamic stall, because the stall vortex is not present anymore for the
flapped aerofoil. (Fig. 5.18). The increase on the stall leads to an increase on the torque required at the
same azimuthal location (Fig. 5.19). Moreover, Fig. 5.20 presents the pressure coefficient distribution
on the blade at both cases based on the freestream velocity and the effect of the Gurney on decreasing
the pressure on the suction side of the blade. It is to be noted that the effect of the Gurney decays rapidly
away from the tips of the flap as it was observed for the hover case.
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(a) (b)
Figure 5.15: (a) Stall map of W3 Sokol blade in forward flight, and (b) actuation schedule of gurney
flap. Case conditions are presented in Table 5.3.
(a)
(b)
Figure 5.16: Surface pressure coefficient and flow visualisation at r=R = 0:4 (a), and r=R = 0:5 (b).
Case conditions are presented in Table 5.3.
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(a)Clean rotor Rotor with Gurney
M2Cn difference
Figure 5.17: Normal force coefficient of the rigid untrimmed W3 Sokol MR with out Gurney flap (a),
and with Gurney flap (b). Loads difference is presented in (c). Forward flight conditions are presented
in Table 5.3.
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(a)Clean rotor Rotor with Gurney
M2Cm difference
Figure 5.18: Pitching moment coefficient of the rigid untrimmedW3 Sokol MRwith out Gurney flap (a),
and with Gurney flap (b). Loads difference is presented in (c). Forward flight conditions are presented
in Table 5.3.
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(a)Clean rotor Rotor with Gurney
M2Cq difference
Figure 5.19: Torque coefficient of the rigid untrimmedW3 Sokol MR with out Gurney flap (a), and with
Gurney flap (b). Loads difference is presented in (c). Forward flight conditions are presented in Table
5.3.
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Gurney flap
(a)Clean trimmedCT = 0:015 (b)Gurney trimmed CT = 0:015
Figure 5.20: Negative surface pressure coefficient based on the freestream velocity on clean rigid blade
(a), and (b) blade with active gurney flap (2% chord) at Y = 270o, both cases trimmed at CT = 0:015.
W3 Sokol MR in forward flight. The case conditions are presented in Table 5.3.
5.4.2 Elastic blade computations
To obtain more representative results regarding the ability of the Gurney to reduce the separation both
cases were treated as elastic rotors, and they were trimmed at the same thrust settings. The mode shapes
of the W3-Sokol MRB based on the structural model presented in chapter 4 were given to the solver as
an initial shape of the elastic blade. Modes up to the first torsional mode were used. Fig. 5.21 presents
the shape of the rigid and the elastic blade shapes at the back of the disk. The tip of the elastic blade
is pitching down by 10 degrees compared to the rigid, while the blade is flapping more by almost 2
degrees, while the lagging angle is almost 3 degrees. The elastic rotor was trimmed at CT = 0:0117
for both clean and Gurney cases to evaluate the effect of the flap. Figs. 5.23-5.25 present the trimming
history of the computations, and they present the ability of the solver to trim at specific thrust setting
while maintaining the pitching and rolling moments of the rotor to zero. For the case where the Gurney
was actuated, the torque requirement of the rotor was decreased by 3:3% which corresponds to 40KW .
Fig. 5.26 presents the streamlines on separation region of the blade atY= 270o along with the effect of
the Gurney flap. The blade shown in Fig. 5.26b is pitched down and the flow is less separated compared
to the clean case.
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An important observation was made by performing the harmonic analysis on the torsional mo-
ment at r=R= 0:23 of the blade span as presented in Fig. 5.22. The high harmonic content frequencies
shoed very good agreement to the ones computed using the flight test data. As a result, the transforma-
tion of the signal from the time domain to the frequency domain could be a useful tool to identify stall
on a forward flight rotor.
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Figure 5.21: Visualisation of the rigid and elastic W3 MRB in forward flight. The conditions of this
case are presented in Table 5.3.
Figure 5.22: Harmonic analysis of torsional moment. Comparison between CFD results (dashed-dotted
line) for the elastic clean rotor and flight test data (solid line).
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Figure 5.23: Trimming history of thrust of the elastic W3 Sokol MR in forward flight. The conditions
of this case are presented in Table 5.3.
Figure 5.24: Trimming history of torque of the elastic W3 Sokol MR in forward flight. The conditions
of this case are presented in Table 5.3.
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(a)
(b)
Figure 5.25: Trimming history of rotor disk pitching moment (a) and rolling moment (b) of the elastic
W3 Sokol MR in forward flight. The conditions of this case are presented in Table 5.3.
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(a)Elastic clean blade trimmed atCT = 0:0117
(b)Elastic blade with Gurney flap trimmed atCT = 0:0117
Figure 5.26: Visualisation of the separated flow for (a) the clean blade and (b) the blade with an active
gurney of 0:02c at Y = 270o of the W3 Sokol MR in forward flight. The conditions of this case are
presented in Table 5.3.
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Gurney flap effect along the flight envelope
Since more data is available from flights for the W3 Sokol, CFD calculations were performed in lower
advance ratio and thrust requirements. The reason was to identify the effect of the Gurney flap along
the full flight envelope of the W3 Sokol helicopter for the same actuation schedule of the flap. Fig. 5.27
presents the trimming history of the elastic rotor with and without the Gurney flap for m = 0:11 and
W = 6000Kg, as well as, a comparison against the high speed and high weight forward flight cases. It
has to be noted that for a complete aeroelastic trimmed computation it takes about 250000 CPU-hours
to finish. The most useful outcome of this study is the power reduction gain of the rotor because of
the active Gurney flap. Fig. 5.28 shows the effect of the flap from hover to high speed forward flight.
For this weight of the W3-Sokol the Gurney shows some benefit in hover, although it becomes very
beneficial in higher thrust requirement as presented in chapter 4. During forward flight the flap becomes
beneficial close to m = 0:11. At high speed and high weight cases, the potential effect of the Gurney on
the retreating blade stall alleviation enhances the aerodynamic performance of the rotor and reduces the
power requirements significantly. However, Fig. 5.28 clearly shows that a Gurney should be deployed
during hover only for high thrust requirements, while it should remain retracted at low forward flight
speed.
5.5 Summary
The use of a Gurney flap was put forward to improve the forward flight performance of a helicopter
rotor by reducing the stall at the retreating side. The basic idea is that the flap will be actively actuated
in forward flight and will be fully deployed in hover flight. The W3 Sokol MRB was used due to the
availability of flight test data as well as the blade shape and structural properties. A carefully designed
Gurney flap and actuation schedule proved to be essential for controlling the separation of the flow.
However, the actuation schedule, which was designed based on the CFD runs of the clean rotor, might
be an issue for the trimming and handling of the helicopter. Next, the actuation will be optimised based
on closed loop analysis, while the effect of the Gurney will be tested on a full helicopter model.
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(a)
(b)
Figure 5.27: Trimming history of (a) thrust, (b) torque of the elastic W3 Sokol MR in forward flight.
Comparison between high speed and low speed case.
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Figure 5.28: Power Requirements for W3 Sokol MRB along flight envelope with and without Gurney
flap.
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Chapter 6
Closed loop flap actuation
This chapter will be presented in the European Rotorcraft Forum 2015, Munich, Germany.
6.1 Introduction
For the forward flight of the W3-Sokol rotor, CFD computations for the clean rotor were used to derive
the flap actuation schedule. However, in actual helicopter flight, there must be a controller, that will
actively actuate the Gurney flap based on some observations of flight parameters. The idea is to detect
the pressure divergence at the leading edge of the blade section that is indicative of stall, and if that
exceeds a threshold then the flap will be actuated. Moreover, the 1/Rev actuation of the Gurney that was
used in the previous chapter could introduce limitations on the handling and trimming of the helicopter.
This topic will be addressed by building a generic rotorcraft and performing several linear/non-linear
analysis to study its response to different control inputs.
6.2 2D closed loop control
A NACA23012M aerofoil section was set to pitching-translating motion as presented in chapter 3. The
aim was to investigate retreating blade stall to identify cP peaks at the suction side of a blade section that
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could be used for the closed loop actuation of the Gurney. During the pitching-translating computations
the pressure coefficient at the leading edge increased gradually at first and then the gradient became
steeper before it reduced markedly and it even reduced when the aerofoil stalled. The cP threshold when
the flow was about to separate was estimated close to 3:5. Fig. 6.1 compares the maximum pressure
coefficient that was observed at the clean aerofoil and at the aerofoil with the active Gurney during the
dMdt computations. For that particular actuation two revolutions are needed for the flow to converge
before the cP is extracted to compute the Gurney schedule. Then, the aerofoil must be trimmed at the
clean mean CL and extract the new pressure coefficient to adjust the Gurney flap deployment. After a
total number of 8 revolutions the lift is trimmed and the aerodynamic loads are presented in Figs. 6.2-
6.4. Fig. 6.5 presents the pitching motion change of the aerofoil during the Gurney actuation and the
trimming of the aerofoil. The observed pitch oscillations along with the 1/Rev actuation of the flap could
possibly introduce nonlinearities on the full fuselage-rotor configuration, and cause additional vibration.
This problem will be addressed in chapter 7. Figs. 6.6, 6.7 show the streamlines near the trailing edge
for different azimuth steps and how the separated flow is reattached after the actuation of the Gurney. It
should also be mentioned that the cP limit that defines the onset of the stall is only valid when the flow
is fully attached. That means that when the flow is separated and it reattaches again, then this pressure
threshold is quite higher. In that case cP = 5 is the indicative value for the Gurney retraction, as the flow
seems to be completely reattached on the aerofoil after the actuation of the flap. This can be seen in Fig.
6.8 where the flow is visualised at different steps.
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Figure 6.1: Pitching Translating aerofoil - cP;MAX criterion.
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Figure 6.2: Pitching Translating aerofoil -CL loads during control implementation.
157
6.2. 2D CONTROL CHAPTER 6. CLOSED LOOP FLAP ACTUATION
En
d 
of
 a
ct
ua
tio
n
O
ns
et
 o
f a
ct
ua
tio
n
Figure 6.3: Pitching Translating aerofoil -CD loads during control implementation.
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Figure 6.4: Pitching Translating aerofoil -CM loads during control implementation.
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Figure 6.5: Pitching Translating aerofoil - pitching schedule during control implementation.
(a) (b)
Figure 6.6: Pitching Translating aerofoil - streamlines near the trailing edge of the clean aerofoil (a),
and of the aerofoil with active Gurney flap (b), at Y= 360deg.
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(a)
(b)
Figure 6.7: Pitching Translating aerofoil - streamlines near the trailing edge of the clean aerofoil (a),
and of the aerofoil with active Gurney flap (b), at Y= 270deg.
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(a)
(b)
(c)
Figure 6.8: Pitching Translating aerofoil - streamlines near the trailing edge of the clean aerofoil at (a)
Y= 0deg, (b) Y= 187:5deg, and (c) Y= 337:5deg.
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6.3 W3-Sokol closed loop control
Next, the pressure divergence criterion was used for the elastic W3-Sokol rotor at high advance ratio
forward flight. The idea was to measure the pressure coefficient at different sections along the blade
around the azimuth and identify Y, where part of the blade was experiencing stall. Figs. 6.9, 6.10
present the pressure coefficient at two different sections along the blade span. Based on that criterion,
the new actuation schedule of the Gurney was defined as presented in Fig. 6.11. It is observed that it is
very similar to the one used in previous chapter for the open loop control, but this time the onset and end
of the actuation took place earlier. The pressure distribution was also extracted after the actuation of the
Gurney and at the end of the trimming process. Before trimming the rotor at the clean case thrust setting
the implementation of the Gurney leads the blade section in a deeper stall, while once the rotor was
trimmed the blade was pitched down, and part of the initial stall was removed. As can be seen in Fig.
6.12, the maximum pressure coefficient has decreased significantly. This fact led to a further reduction
of the torque requirement predicted during the open loop control for the same flight case, which is about
0:5%.
Figure 6.9: r=R= 0:4 - Pressure divergence around azimuth.
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Figure 6.10: r=R= 0:65 - Pressure divergence around azimuth.
Figure 6.11: Gurney actuation schedule comparison against open loop.
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Figure 6.12: r/R =0.5 - Pressure divergence around azimuth with Gurney flap.
Figure 6.13: Torque requirement for closed loop actuation of the Gurney flap.
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Chapter 7
Simulation of generic light utility
helicopter
This chapter will be presented in the European Rotorcraft Forum 2015, Munich, Germany.
7.1 Introduction
This chapter describes the development of a simulation model for a generic light utility helicopter
(GLUH)[110]. The model is built in FLIGHTLAB environment for handling qualities and flight con-
trol investigations.
7.2 FLIGHTLAB model
The GLUH has a conventional configuration with high-mounted tail-boom carrying fixed horizontal
stabiliser and twin fins. The main rotor hub is a hingeless design with a torsion bar.
A blade element rotor module was used as the rotor model. The blade element rotor model
considers rotor dynamic degrees of freedom for each individual blade, either rigid or elastic. For that
study a rigid blade was assumed. It computes the airloads with respect to the local angle of attack and
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Mach number and calculates blade dynamic response for nonuniform blade inertial and aerodynamic
properties (e.g., chord and twist).
The blade element articulated rotor model includes blade hinges for feathering, flapping, and
lead-lag. The feathering hinge is modelled via control hinge, thus has no degree-of-freedom, while the
flap and lead-lag hinges are modelled with dynamic hinge of one rotational degree of freedom. Flap or
lead-lag stop is modelled via nonlinear torsional spring/damping with further option of spring/damping
dependence. The blade stop model table data are defined based on the blade flap or blade lag angle.
For the baseline model, a Quasi-Steady aerodynamic component was used for the airload calcu-
lation on the blade elements. The blade aerodynamic segments are defined based on the equal annuli
area approach. This means that the segment length becomes finer towards the tip of the blade, while the
aerodynamic loads are calculated by treating the blade sections as two-dimensional panels as described
before. The NACA23012M sections was used, and the data were represented in table look-up form
with lift, drag, and pitching moment coefficients tabulated against angle of attack (-180 to 180 deg) and
Mach number (0-0.9 Mach). The structural properties of the blade the mass distribution of the main
rotor blade are shown in Appendix E, while for the mass moments of inertia the values of the W3-Sokol
main rotor blade were used after having been scaled twice by the ratio of the radius of the blades and of
the chord of the blades.
The GLUH model described in this work makes use of the Peters-He three state dynamic wake
model. This model captures the uniform and first harmonic distribution of the inflow and the transient
response of these inflow components in manoeuvring flight. This methodology also models the dynamic
response of the inflow to manoeuvring flight and predicts the off-rotor components of inflow for use in
interference modelling at the fuselage and tail.
FLIGHTLAB’s Bailey rotor component is used to model the tail rotor. In the Bailey model,
closed form expressions for rotor thrust and torque are obtained analytically by integrating the airloads
over the rotor blade span and averaging them over the azimuth. Only rotor coning is considered and
hence there is no provision for blade cyclic pitch inputs. The induced velocity is computed from a uni-
form inflowmodel and included in the model. The following assumptions are employed in the derivation
166
CHAPTER 7. SIMULATION OF GLUH 7.2. FLIGHTLAB MODEL
of the tail rotor equations:
1) constant chord and linear twist,
2) linear lift with lift curve slope,
3) incompressible flow,
4) no individual blade dynamics, except for the steady state coning, and
5) uniform induced flow over the rotor.
There are several modelling options available within FLIGHTLAB for the fuselage aerodynam-
ics, including a panel method and a simple table look-up. For the Generic model, the table look-up
option was chosen where the fuselage coefficients are supplied by means of look-up tables as functions
of angle of attack and sideslip angle. All the forces and the moments on the fuselage, as well as the
mass moment of inertia of the fuselage, are shown in restricted Appendix available upon request.
The GLUH model uses a NACA23015 aerofoil for the horizontal stabiliser, and a NACA0012
for the vertical fins. Again the aerodynamic loads were imported by the use of 2D look-up tables based
on the performance of these aerofoils.
Regarding the powerplant, two gas turbine engines PW207K of PRATT & WITNEY company
with takeoff power of 630 hp each were used. The engine was modelled using the ideal engine, while
approximate performance tables are shown in restricted Appendix available upon request.
Modelling the aerodynamic interactions is a challenging aspect of rotorcraft simulation. A sim-
ple and effective way of interactional modelling is by incorporating look-up tables representing the
downwash/up-wash velocities at the respective aerodynamic surfaces, defined by the values of loads on
the generating surface. In the absence of empirical/experimental data, the off-rotor induced velocity
predicted by FLIGHTLAB’s inflow model is used for the calculation of the effect of the main rotor
wake on fixed aerodynamic surfaces. From the finite state dynamic wake equations the induced velocity
at an arbitrary flow field point can be computed. The Generic model utilises this finite-state dynamic
inference model for the main rotor wake effects. The main rotor wake interference is applied to both the
empennage and the fuselage. All the input values used in FLIGHTLAB are presented in the restricted
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Appendix available upon request.
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7.3 FLIGHTLAB Validation
Before testing the generic light utility model FLIGHTLAB was validated using the UH-60 Black Hawk
helicopter. The model was built by Advanced Rotorcraft Technology [111] and the power coefficient
was compared against flight test data [112] and theory predictions based on the script presented in the
Appendix C, as well as numerical predictions by CAMRAD II [113]. Fig. 7.1 presents the power coeffi-
cient for different flight speeds. FLIGHTLAB gave good predictions between medium and high speed
although it did not agree with the flight test in hover case. Moreover, the accuracy of the calculation
degrades at high gross weight the same way it was observed by Yeo et al. [113] at their study.
Figure 7.1: Power coefficient for UH-60 Black Hawk helicopter. FLIGHTLAB model against theory
and flight test data[112].
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7.4 Handling Qualities
The main purpose of building this generic model was the observation of the Gurney flap effect on
the trimming and the handling qualities of a helicopter. Typically a 4 per rev actuation of plain flaps
has been used on rotorcraft. However, in this study a 1 per rev actuation was implemented, which could
introduce additional moments on the helicopter and result in difficulties during trimming or deterioration
of the handling qualities. FLIGHTLAB is in general able to derive the handling qualities of the full
helicopter model. However, only one of the available tests produced meaningful results and it is used
to compare the effect of the designed controller on improving the manoeuvrability of the rotorcraft.
This test was related to hover and low speed requirements and especially to small-amplitude pitch (roll)
attitude response to control inputs. The mid-term response characteristics shall apply at all frequencies
below the bandwidth frequency. FLIGHTLAB generated the damping ratio of roll attitude response
z , and the natural frequency of roll attitude response wn for the model with and without the designed
controller. For the case without the controller the following results obtained: z = 0:12, and wn =
2:89rad=sec, while for the case with the controller it produced z = 0:40, and wn = 0:39. Based on the
Aeronautical Design Standard Performance Specification ADS-33E-PRF[114] the limits on pitch (roll)
oscillations are presented in Fig. 7.2. According to those limits the model can not be qualified (x,y:-
0.3468, 2.867, level >3), but when the controller by Kazan University [110] is used the level improves
to level 1. This fact clearly presents the ability of the designed controller to improve the dynamic
characteristics of the rotorcraft. Moreover, when the Gurney flap is implemented in the model the result
in Fig. 7.2 clearly shows that it does not affect the rotorcraft handling qualities.
7.5 Summary
This chapter builds on the idea that any active mechanism operating on a rotor could alter the dynamics
and the handling of the helicopter. A generic light utility model was built using 2D aerodynamics of
the main aerofoil section of W3 Sokol blade along with a robust controller [110], and the response of the
rotorcraft to control inputs was tested. This analysis proved that the 1/Rev actuation of the Gurney did
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Figure 7.2: Limits on pitch (roll) oscillations - hover and low speed. Red dot represents the clean rotor,
while cross represents the rotor with the active Gurney flap.
not alter the handling qualities of the helicopter and as a result it can be safely implemented on the rotor
as a flow control mechanism for retreating blade stall alleviation.
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Chapter 8
Conclusions and future work
8.1 Conclusions
This study buildt on the Helicopter Multi-Block 2 CFD solver of the University of Liverpool and demon-
strated the implementation and use of Gurney flaps on wings, and rotors. The idea put forward is to flag
any cell face within the computational mesh with a solid, no slip boundary condition. Hence the in-
finitely thin Gurney can be approximated by “blocking cells” in the mesh.
For 2D cases the differences between Gurney flaps with finite thickness and infinitely thin Gur-
neys were highlighted. It was found that the loads and the flow physics near the Gurney are well captured
by the infinitely thin Gurneys and this encouraged the development of a method where the Gurney is
placed on a block boundary and is sliding in and out of the surface. A separate investigation was con-
ducted to quantify the effect of having Gurney flaps covering parts of CFD cells. Modelling part-cell
fluxes in HMB2 was difficult but the results showed better predictions for the loads with smoother vari-
ations as the Gurney did not have to “jump” between cells. The method allows to “re-cycle" grids
of clean rotors with minimal modifications and captures the flow physics of the Gurney. The method
was also tested for 3D cases including rotors in hover and forward flight. For the forward flight case
actuated Gurneys were used. The validation of the methods was limited since the code provided effi-
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cient solutions that were not compared against any test data, however, the overall flow features seemed
reasonable and agreed with the broad understanding of the rotors for the effect of Gurneys on aerofoil
aerodynamics.
The 3D rotor cases proved that the Gurney flap can be used as a means to improve the flying
capability of a rotor not only by enhancing the aerodynamic performance of the blade section where
the flap is located, but also by altering the twist distribution of the blade. The additional pitching down
moments introduced by the flap can by used to change the local pitch angle of the sections on a soft
blade in torsion. However, further studies should be conducted on modern blade designs which are built
by composite materials and are stiff in torsion.
The Gurney flap on W3-Sokol blade in hover did not change the maximum figure of merit, but it
enhanced it at medium to high thrust settings. The power requirement was also decreased in such a way
that for a given torque the rotor increased its loading capability by 220 kg. That benefit further increases
at higher thrust. Thus, the hover endurance was extended by 28.8 minutes if the flap is employed.
In forward flight, the flap was used efficiently to alleviate the retreating blade stall. The W3-
Sokol was studied again at high speed flight, and the Gurney removed most of the separated flow. As
a result, the rotor torque decreased by 3.3%. The flap was tested at two flight speeds and two thrust
settings as flight test data were available, and it proved to be effective after m = 0:11 at maximum gross
weight of the helicopter.
Some significant remarks regarding the stall identification and the actuation of the Gurney flap
were observed. During the signal processing of flight test data, transforming the signal from the time
domain into the frequency domain proved to be an effective tool to identify retreating blade stall. In ad-
dition, the active actuation of the flap can be implemented on real helicopters by observing the pressure
on the suction side of the rotor blades. If the pressure diverges from a threshold, then the flap would
be actuated. This 1/rev actuation might cause vibration issues and alter the trimming capability of the
helicopter. For that reason, a generic light utility helicopter was built and tested on FLIGHTLAB with
and without an active Gurney. The results showed that the flap will not change neither the trimming
ability of the model nor its handling qualities if there is a robust controller on the helicopter.
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Another issue was the possible effect of the flap on the structural dynamics of the blade. Thus,
10% of the original mass of the blade was distributed additionally on the blade, along the location of
the Gurney, and a static analysis was conducted. The mode shapes of the blade were not affected by the
flap, while the frequencies of the modes at the nominal rotor speed were decreased by less than 2%. In
fact, the uncertainty due to the Gurney was of the same order of magnitude of the one introduced by
different tip shape designs tested for an S-76 blade.
To conclude, the potential effect of an active Gurney flap on the main rotor as well as on the
response of the helicopter were studied using coupled fluid-structure dynamics. It was proved that
the flap can enhance the performance of helicopters, especially at high thrust requirements, as it is an
efficient flow control device for retreating blade stall alleviation. Some of the observed benefits are due
to the aeroelastic re-shaping of the blade due to the pitching moments induced by the flap. However,
experimental data on rotors with active Gurney flaps are essential for further validation of the code and
understanding of the Gurney effect on rotor aerodynamics.
8.2 Future work
In future efforts should be directed towards the addition of the fuselage in CFD computations to study its
interaction with the altered rotor wake due to the Gurney. Moreover, the effect of the flap can be further
optimised by implementing multiple flaps along the rotor blade. Apart from the pressure divergence
criterion, that was put forward to detect stall, other criteria should also be investigated. Finally, the
active Gurney flap should be considered as a means to offload the advancing side of the rotor, and its
effect should be investigated on rigid blades as well.
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Appendix A
Actuation Mechanism for Active
Gurney Flap
The mockup built for the IMESCON purposes by PZL Swidnik consists of two main part-aerofoil along
with a Gurney actuation mechanismmounted together with the Gurney on the bottom part of the aerofoil.
The mechanism base is metallic, and the two parts are bolted together to ensure easy access to the
mechanism components.
Figure A.1: General view of the assembled mockup with fully actuated Gurney flap.
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Figure A.2: Close view of the trailing edge with fully retracted Gurney flap.
Figure A.3: Close view of trailing edge with fully actuated Gurney flap.
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Figure A.4: Two main parts of the mockup.
Figure A.5: Main aerofoil part with space for the actuator mechanism.
187
APPENDIX A. ACTUATION MECHANISM FOR ACTIVE GURNEY FLAP
Figure A.6: Mehanism mounted on the base.
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Appendix B
Baseline aerofoil aerodynamics
The baseline aerofoil used for this study is a NACA23012 modified to increase its nose-down pitching
moment. Measurements were taken by the industrial partners of the IMESCON project (PZL Swidnik)
for both aerofoils to investigate the aerodynamic coefficients, and CFD computations were conducted for
validation purposes. The flow around the aerofoil was studied at Mach=0.3 and Mach=0.7, and several
Reynolds numbers, to understand how it responds to subsonic and transonic flows. The objective was to
observe how the modifications affect the behaviour of the aerofoil.
In Fig. B.1 the baseline and modified NACA23012 and the modified one are presented as they
were delivered by PZL Swidnik. The modifications appear on the leading and trailing edges which are
slightly shifted up and as a result the camber of the aerofoil has been decreased.
Two grid types were created. One with low and one with higher density to capture the formation
of the shock at high Mach number. In both cases C-type meshes were made using the ICEM Hexa tool
and the distribution of the points around the airfoils was 170 for M=0.3 and 300 for M=0.7. The space
between aerofoil and first node was determined to be 10 5c and the number of nodes at the vertical
direction of the aerofoil was 101 based on best practice guidelines with HMB2 solver. As far as the
far-field is concerned it was located twenty chords away. The average total number of nodes for grids
used for M=0.3 was 65000, while for M=0.7 was 80000. An overview of the mesh around the aerofoil
can be seen in Fig. B.2.
Fig. B.3 presents the loads on the baseline and modified aerofoils at two different Mach numbers
(M = 0:3;M = 0:7), and three different Reynolds numbers for each case. Both cases were run using
the k-w SST model. Based on the CFD results it is clear that taking out some of the camber of the
NACA23012M aerofoil produces slightly less lift than the original, while the drag is decreased at the
same time. However, Fig. B.4 shows that the lift to drag ratio of both aerofoils becomes similar for
positive angles of attack as the speed is increased. As a result, the modifications on the NACA23012 led
to the same aerodynamic performance while removing significantly the negative pitching moments.
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Figure B.1: Baseline and modified NACA23012.
(a) (b)
Figure B.2: (a) 2D mesh overview, and (b) a close view near the trailing edge.
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(a)M = 0:3 (b)M = 0:7
(c)M = 0:3 (d)M = 0:7
Figure B.3: Comparison of lift and drag of NACA23012 and NACA23012M aerofoils at several
Reynolds numbers.
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(a)M = 0:3 (b)M = 0:7
(c)M = 0:3 (d)M = 0:7
Figure B.4: Comparison of moment coefficient and L/D ratio of NACA23012 and NACA23012M aero-
foils at several Reynolds numbers.
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Power Prediction Theory Script
10pt
1 % Per formance Ca l c u l a t i o n f o r t h e UH60A Blackhawk He l i c o p t e r
2 %    
3 % c Blade chord
4 % cm mean b lade chord
5 % c0 L i f t c o e f f i c i e n t a t z e r o ang l e o f a t t a c k
6 % c1 L i f t cu r ve s l o p e
7 % Cd Blade s e c t i o n drag c o e f f i c i e n t
8 % Cd0 Blade mean drag c o e f f i c i e n t
9 % Cl Blade s e c t i o n l i f t c o e f f i c i e n t
10 % Cmac Blade s e c t i o n p i t c h i n g moment c o e f f i c i e n t abou t aerodynamic
c e n t e r
11 % CDf  Fuse lage drag c o e f f i c i e n t
12 % Cl f Fuse lage r o l l i n g moment c o e f f i c i e n t
13 % CLf Fuse lage l i f t c o e f f i c i e n t
14 % Cmf Fuse lage p i t c h i n g moment c o e f f i c i e n t
15 % Cnr Fuse lage yawing moment c o e f f i c i e n t
16 % CP He l i c o p t e r power c o e f f i c i e n t
17 % CQ He l i c o p t e r t o r qu e c o e f f i c i e n t
18 % CT He l i c o p t e r t h r u s t c o e f f i c i e n t
19 % CW He l i c o p t e r we i gh t c o e f f i c i e n t
20 % d0 V i s cou s drag c o e f f i c i e n t
21 % d1 , d2 Pr e s s u r e drag c o e f f i c i e n t s
22 % DF Fuse lage drag
23 % f0 , f 1 P i t c h i n g moment c o e f f i c i e n t s
24 % hbar V e r t i c a l d i s t a n c e from h e l i c o p t e r c e n t e r o f g r a v i t y (CG) t o
hub c e n t e r
25 % M Mach number
26 % Minc I n c i d e n t a l Mach number normal t o chord
27 % Nb Number o f b l a d e s
28 % R Blade rad iu s , f t
29 % T Rotor t h r u s t , l b
30 % V He l i c o p t e r fo rward speed , f t / s e c
31 % xcg , ycg Hub c e n t e r p o s i t i o n r e l a t i v e t o h e l i c o p t e r CG in t h e X
and Y d i r e c t i o n s , r e s p e c t i v e l y
32 % Xt D i s t a n c e be tween main r o t o r hub and t a i l r o t o r hub
33 % Yf Fuse lage s i d e f o r c e
34 % Yt r T a i l r o t o r t h r u s t
193
APPENDIX C. POWER PREDICTION THEORY SCRIPT
35 % alpha Blade s e c t i o n ang l e o f a t t a c k , r a d i a n s ( rad )
36 % alphaHP Hub p lane t i l t ang l e r e l a t i v e t o f l i g h t d i r e c t i o n ( rad ?)
37 % alpha s L o n g i t u d i n a l s h a f t t i l t r e l a t i v e t o wind ax i s , rad
38 % be ta0 Ro tor con ing angle , rad
39 % be t a1 s be t a1c L a t e r a l and l o n g i t u d i n a l r o t o r d i s k t i l t angle ,
r e s p e c t i v e l y , rad
40 % the t a1 c , t h e t a 1 s L a t e r a l and l o n g i t u d i n a l c y c l i c t r im i npu t ,
r e s p e c t i v e l y , rad
41 % th e t a 7 5 C o l l e c t i v e b lade p i t c h a t 75% rad iu s , rad
42 % the taFP He l i c o p t e r f l i g h t pa th ang l e r e l a t i v e t o t h e l o n g i t u d i n a l
a x i s
43 % t h e t a t t r T a i l r o t o r c o l l e c t i v e c o n t r o l s e t t i n g
44 % mu Advance r a t i o , V / OMEGA R
45 % sigma Rotor s o l i d i t y r a t i o , Nb cm / p i R
46 % ph i_ s L a t e r a l s h a f t t i l t , rad
47 % rho A i r d e n s i t y , s l u g / f t 3
48 % OMEGA Rotor r o t a t i o n a l speed , rad / s e c
49 %    
50 % UH60A Blackhawk h e l i c o p t e r e s t i m a t e s
51 AGW=9000;% A i r c r a f tG r o s sWe i g h t i n l b
52 NB=4;% Main Rotor Number o f B lades
53 R=26 . 83 ;% Main Ro tor Rad ius i n f t
54 c =1 . 7 5 ;% Main Rotor Blade chord i n f t
55 % Main Ro tor Blade S e c t i o n s SC1095 , SC1095 R8 ( t i p )
56 gamma=8;% Main Ro tor Lock Number
57 nube t a =1 . 0 5 ;%Main Ro tor Blade F lapp ing Frequency / r e v
58 Omega=27;% Main Ro tor R o t a t i o n a l Speed rad / s e c
59 a =5 . 7 3 ;% Main Rotor Nomincal L i f t Curve S lope / rad
60 k =1 . 1 5 ;% Emp i r i c a l c o r r e c t i o n i nduced power t f a c t o r f o r Main Ro tor k
1 . 15
61 mu=0 . 1 ;% advance r a t i o mu
62 % Pa r a s i t e drag o f h e l i c o p t e r i n c l u d i n g hub f
63 % apar t from c om p r e s s i b i l i t y e f f e c t s f i s g e n e r a l l y speed 
i n d e p end en t
64 % f over d i s k area
65 % fove rA= 0 .015 t o 0 .025 % o ld h e l i c o p t e r
66 % fove rA= 0 .010 t o 0 .015 % modern h e l i c o p t e r i n p r o du c t i o n
67 % fove rA= 0 .004 t o 0 .008 % f o r modern c l e an d e s i g n s
68 foverA =0 . 025 ;
69 % Atmospher i c f l i g h t c o n d i t i o n s and c o n s t a n t s
70 as =1126;% Speed o f sound f t / s 20C dry a i r
71 rho =0 .0023769 ;% Ambient a i r d e n s i t y s l u g s / f t ^3 (15C , Sea Le v e l )
72 g =32 .17405 ;% Ac c e l e r a t i o n o f g r a v i t y 32 .17405 f t / s2
73 % Rotor areas , v e l o c i t y , t h r u s t
74 A=pi *R*R;% Main Ro tor Area , f t ^2
75 Vt ip=Omega*R;% Main Ro tor T ip Speed , f t / s
76 Mtip=Vt ip / a s ;% Main Ro tor T ip Mach Number
77 s igma=NB*c*R/A;% Main Rotor S o l i d i t y 0 .083 f o r t h e UH60A example
here
78 V=mu*Vt ip ;% He l i c o p t e r Speed f t / s
79 CTUS=AGW/A/ rho / Vt ip / V t ip ;% US Main Ro tor Th ru s t C o e f f i c i e n t
80 CTUS=0.009
81 CTUSosigma=CTUS/ sigma ;
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82 % Induced power
83 lambda= sqr t (CTUS / 2 ) ;% in f l ow r a t i o lambda i d e n t i c a l t o lambdai i n
hover
84 l ambda i=CTUS/ ( 2 * sqr t (mu*mu+lambda* lambda ) ) ;% ro to r i nduced v e l o c i t y
l i
85 CPI=k* lambda i *CTUS % Induced power c o e f f i c i e n t CPi = k l i CT
86 PI=CPI*A* rho *Vt ip *Vt ip *Vt ip
87 i f (mu ~=0) a l p h a s =180* atan ( ( lambdai lambda ) /mu) / pi ;% s h a f t ang l e
a l pha s
88 e l s e a l p h a s =0;
89 end
90 % Pa r a s i t e Power
91 f =A* foverA ;
92 CPP=0.5* foverA *mu*mu*mu %CPP=.5*V*V*V / V t i p / V t i p / V t i p * f o v e rA Pa r a s i t e
power c o e f f i c i e n t
93 D=0.5* rho *V*V* f ;% CPP=DV/ rho A V t i p ^3 P a r a s i t e drag o f h e l i c o p t e r
94 %PP=D*V % Pa r a s i t e Power P=DV
95 PP=CPP*A* rho *Vt ip *Vt ip *Vt ip
96 % P r o f i l e Power
97 CLbar=6*CTUS/ sigma ; % Mean d i s k l o ad i n g CLbar
98 % blade drag e s t i m a t e Cd0
99 d0 =0 . 0 1 ;
100 d1 =0 . 005 ;
101 d2 =0 . 001 ;
102 Cd0=d0+d1*CLbar+d2*CLbar*CLbar ;
103 CP0=sigma*Cd0 * ( 1 . + 4 . 6 *mu*mu) / 8 . % P r o f i l e power c o e f f i c i e n t
104 P0=CP0*A* rho *Vt ip *Vt ip *Vt ip
105 % To t a l Power c o e f f i c i e n t
106 CP=CPI+CPP+CP0
107 P=PI+PP+P0
108 % Torque c o e f f i c i e n t s
109 Q=P / Omega ;
110 CQ=Q/ ( rho *A*R*Vt ip *Vt ip )
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Appendix D
S-76 Structural Model
This appendix presents the structural model used in NASTRAN for the S-76 blade, as well as the
instruction file used for the static analysis and the deformation of the blade.
A typical structural model is described as follows: The first line contains the material properties
of the blade, the Young modulus and the Poison’s ratio. Note the two commas between the two figures.
If the Young modulus and the torsion constant are known, then the torsion constant can be inserted
between the two commas and the Poisson’s ratio field must then be left blank. The second line defines
the centre of rotation, which usually has the ID 1. The GRID label indicates that a node location is
entered. The next integer gives the ID of the node. The three 0.0 indicate the node coordinates in the X,
Y and Z directions respectively. The integer 123456 indicates the deformations that will be set to 0.0 for
this node. 1, 2 and 3 are the translations along the X, Y and Z axis respectively, and 4, 5 and 6 are the
rotations around the X, Y and Z axis respectively. The blade centre of rotation has to be fixed, therefore
the 123456.
The CELAS2 elements are linear elastic elements. The 2 or 3 is the elastic element ID. The
5000.0 is the strength of the spring, in force unit per displacement unit. The 2 and 3 represent the nodes
ID of the two tips of the element, and the 5 or 6 indicates the component on which the spring is acting, 1,
2 and 3 represent the translation following the X, Y and Z axis respectively, and 4, 5 and 6 represent the
rotation around the X, Y and Z axis respectively. Therefore the elastic element 1 acts against the lead
lag movement and represents the lead-lag spring, while the elastic element 2 limits the flapping motion
for stability reasons.
The grid elements from 3 to 100 are located along the chord line, the node 3 being at the root
of the blade. The root has the boundary condition 12346, which means that this node is not allowed to
translate or get any torsional and lead-lag rotation. The collective is usually set at the root, and is here
modelled by not allowing the root to move around the blade axis. The flapping and lead-lag rotations
are free and restrained by the CELAS2 elements. If the root of the blade is at the centre of the rotation,
and so are the lead-lag and flapping rotations centres. Here the lead-lag and flapping rotations centre
is located further, so a fixed node (with the ID 2) is added at this centre and fixed in the blade frame
(boundary condition 123456). The grid elements over 100 are the ones along the leading or trailing
edges. The one finishing in 01 are along the trailing edge or better along a line that is located in the
blade plane and in front of the blade leading edge, typically at 1 chord length in front of the 25% chord
line, the one finishing in 02 are in the plane of the blade and in the back part of the blade, at for instance
1 chord length behind the 25% chord line This ending is added to the chord node number at the same
location. For instance, if the node 5 is at the station located at 0.10 rotor radius, the nodes 501 and 502
will be at the leading edge and trailing edge respectively of this station.
Then some CBEAM elements are added between the chord nodes. Every CBEAM element is
linked to a PBEAM element which contains the properties of the beam. The first field of the CBEAM
element is the CBEAM ID, followed by the ID of the PBEAM element associated with this CBEAM
element, and then the nodes at each tip of the element (the first one being the closest to the root of the
blade) the beam. The three last figures represent the property vector which will set the orientation of the
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local beam flap axis and the local chord axis. This property is used in order to include the twist without
having to calculate the property in the blade reference frame when we have them in the local reference
frame. The twist is therefore included by rotating a bit the local Y axis by the twist angle. The three
next numbers are the projection of the local (from the section) Y vector (the one from the trailing edge
to the leading edge) in the absolute reference frame of the full blade.
Then some rigid bars RBAR without any structural properties link the chord nodes to the trailing
and leading edges, in order to give the deformation of the blade, lower and upper surfaces without
modifying the structural properties of the blade. The fields of a RBAR element are in this order the
RBAR ID, the root and tip nodes ID and the properties that should be transmitted along this bar, with
1, 2 and 3 representing the translations along X, Y and Z respectively, and 4, 5 and 6 representing the
rotations along X, Y and Z respectively. As the nodes along the trailing and leading edges must follow
the movement of the chord nodes, 123456 is written there.
The model ends with the CBEAM properties elements, the PBEAM elements. The first line
contains the PBEAM ID, then a material ID like theMAT1we defined at the beginning, then the sectional
area, then the chordwise area moment of inertia, followed by the flapwise area moment of inertia, then
the crossed area moment of inertia (blank if unused, which is generally the case), then the torsional
constant and the linear mass distribution at the first node of the element (GA). The second property
line is usually unused, so we directly continue to the third line which is called at the end of the lune
by adding +PBEAM-ID03. This call is also added at the beginning of the next line, whose first field is
YESA (for the stress to be recovered at the root of the beam), then the location of the properties that will
be given on this line given by the ratio of the distance from the root to the point and the beam distance
(for example, 1.0 for the properties at the tip or 0.5 for the properties at the half of the beam), followed
by the sectional area at this location, the chordwise, flapwise and crossed (blank if unused) area moment
of inertia, the torsional constant and the linear mass distribution at this location. Then a call to the fifth
line is added, using the same code as previously and replacing the final 03 by 05. The four first fields
are not used and are left blank, and the two next one represents the mass of inertia around the centre of
gravity at the root and at the tip respectively, and the two last fields are left blank. The sixth line is then
called. The eight fields contain the offset of the non-structural mass centre of gravity at both ends A and
B.
D.1 S-76 Rectangular tip model
MAT1, 1, 113E9, ,.342
$***************************************************
$ NEW ROOT ATTACHEMENT FOR ROTATION
$***************************************************
GRID, 1, , 0.0, 0.0, 0.0,,123456,
GRID, 2, , 0.254, 0.0, 0.0,,123456,
CELAS2,1,5000.0,2,6,3,6
CELAS2,2,5000.0,2,5,3,5
$ *****************************************
$ *****************************************
GRID, 3, , 0.4352, 0.0, 0.0,,12346,
GRID, 4, , 0.9428, 0.02539, 0.0
GRID, 5, , 1.6509, -0.00056, 0.0
GRID, 6, , 2.2859, -0.00112, 0.0
GRID, 7, , 2.7942, -0.00102, 0.0
GRID, 8, , 3.3025, -0.00066, 0.0
GRID, 9, , 3.8108, -0.00051, 0.0
GRID,10, , 4.3191, -0.00041, 0.0
GRID,11, , 4.7637, -0.00041, 0.0
GRID,12, , 5.1445, -0.00427, 0.0
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GRID,13, , 5.4617, -0.00427, 0.0
GRID,14, , 5.7796, -0.00427, 0.0
GRID,15, , 6.1745, -0.00427, 0.0
GRID,16, , 6.4615, -0.00402, 0.0
GRID,17, , 6.6265, -0.00402, 0.0
GRID, 301, , 0.4352, 0.39704, 0.0
GRID, 401, , 0.9428, 0.39704, 0.0
GRID, 501, , 1.6509, 0.39704, 0.0
GRID, 601, , 2.2859, 0.39704, 0.0
GRID, 701, , 2.7942, 0.39704, 0.0
GRID, 801, , 3.3025, 0.39704, 0.0
GRID, 901, , 3.8108, 0.39704, 0.0
GRID,1001, , 4.3191, 0.39704, 0.0
GRID,1101, , 4.7637, 0.39704, 0.0
GRID,1201, , 5.1445, 0.39704, 0.0
GRID,1301, , 5.4617, 0.39704, 0.0
GRID,1401, , 5.7796, 0.39704, 0.0
GRID,1501, , 6.1745, 0.39704, 0.0
GRID,1601, , 6.4615, 0.39704, 0.0
GRID,1701, , 6.6265, 0.39704, 0.0
GRID, 302, , 0.4352, -0.39704, 0.0
GRID, 402, , 0.9428, -0.39704, 0.0
GRID, 502, , 1.6509, -0.39704, 0.0
GRID, 602, , 2.2859, -0.39704, 0.0
GRID, 702, , 2.7942, -0.39704, 0.0
GRID, 802, , 3.3025, -0.39704, 0.0
GRID, 902, , 3.8108, -0.39704, 0.0
GRID,1002, , 4.3191, -0.39704, 0.0
GRID,1102, , 4.7637, -0.39704, 0.0
GRID,1202, , 5.1445, -0.39704, 0.0
GRID,1302, , 5.4617, -0.39704, 0.0
GRID,1402, , 5.7796, -0.39704, 0.0
GRID,1502, , 6.1745, -0.39704, 0.0
GRID,1602, , 6.4615, -0.39704, 0.0
GRID,1702, , 6.6265, -0.39704, 0.0
$
$ CBEAM’s show the 2 connected grids and the reference pt. location
$ which indicates blade twist by changing the direction of the principle
$ plane of bending
$
CBEAM, 1, 1, 3, 4, 0.0, 0.99286, 0.11929,
CBEAM, 2, 2, 4, 5, 0.0, 0.99435, 0.10616,
CBEAM, 3, 3, 5, 6, 0.0, 0.99614, 0.08782,
CBEAM, 4, 4, 6, 7, 0.0, 0.99745, 0.07134,
CBEAM, 5, 5, 7, 8, 0.0, 0.99831, 0.05814,
CBEAM, 6, 6, 8, 9, 0.0, 0.99899, 0.04493,
CBEAM, 7, 7, 9,10, 0.0, 0.99949, 0.03171,
CBEAM, 8, 8,10,11, 0.0, 0.99983, 0.01848,
CBEAM, 9, 9,11,12, 0.0, 0.99998, 0.00691,
CBEAM,10,10,12,13, 0.0, 0.99999, -0.00300,
CBEAM,11,11,13,14, 0.0, 0.99994, -0.01126,
CBEAM,12,12,14,15, 0.0, 0.99981, -0.01953,
CBEAM,13,13,15,16, 0.0, 0.99956, -0.02981,
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CBEAM,14,14,16,17, 0.0, 0.99931, -0.03727,
$RBAR
RBAR, 301, 3, 301,123456
RBAR, 401, 4, 401,123456
RBAR, 501, 5, 501,123456
RBAR, 601, 6, 601,123456
RBAR, 701, 7, 701,123456
RBAR, 801, 8, 801,123456
RBAR, 901, 9, 901,123456
RBAR,1001,10,1001,123456
RBAR,1101,11,1101,123456
RBAR,1201,12,1201,123456
RBAR,1301,13,1301,123456
RBAR,1401,14,1401,123456
RBAR,1501,15,1501,123456
RBAR,1601,16,1601,123456
RBAR,1701,17,1701,123456
RBAR, 302, 3, 302,123456
RBAR, 402, 4, 402,123456
RBAR, 502, 5, 502,123456
RBAR, 602, 6, 602,123456
RBAR, 702, 7, 702,123456
RBAR, 802, 8, 802,123456
RBAR, 902, 9, 902,123456
RBAR,1002,10,1002,123456
RBAR,1102,11,1102,123456
RBAR,1202,12,1202,123456
RBAR,1302,13,1302,123456
RBAR,1402,14,1402,123456
RBAR,1502,15,1502,123456
RBAR,1602,16,1602,123456
RBAR,1702,17,1702,123456
$ PBEAM FORMAT
$PBEAM, PID MID, A, I1, I2, I12, J, NSM, +P2 (FOR GRID A)
$ PBEAM FORMAT
$PBEAM, PID MID, A, I1, I2, I12, J, NSM, +P2 (FOR GRID A)
$+P2, C1, C2, D1, D2, E1, E2, F1, F2, +P3 (NOT USED) . .
$+P3, SO, X/XB, A, I1, I2, I12, J, NSM, +P4 (FOR GRID B=X/XB)
$+P4, C1, C2, D1, D2, E1, E2, F1, F2, +P5 (NOT USED)
$+P5, K1, K2, S1, S2, NSI(A), NSI(B), CW, CW, +P6 (NSI=MASS INERTIA ABOUT CG)
$+P6, M1, M2, M1, M2, N1, N2, N1, N2 (M1,M2 = Y,Z OFFSET OF CG FROM SHEAR CTR)
$
PBEAM, 1, 1, .001, 12.3E-5, 2.3E-6, , 5.8E-6, 4.743, +102
+102, , , , , , , , , +103
+103, YESA, 1.0, .001, 12.3E-5, 2.3E-6, , 5.8E-6, 7.895, +105
+105, , , , , 0.0, 0.0, , ,+106
+106, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 2, 1, .001, 12.34E-5, 2.3E-6, , 5.8E-6, 7.895, +203
+203, YESA, 1.0, .00267, 12.3E-5, 2.3E-6, , 5.8E-6, 3.779, +205
+205, , , , , 0.0, 0.0, , ,+206
+206, -0.02414, 0.0, -0.01676, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 3, 1, .00267, 12.3E-5, 2.3E-6, , 5.8E-6, 3.779, +303
+303, YESA, 1.0, .00267, 12.3E-5, 2.3E-6, , 5.8E-6, 2.481, +305
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+305, , , , , 0.0, 0.00, , ,+306
+306, -0.01676, 0.0, -0.01743, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 4, 1, .00267, 12.3E-5, 2.3E-6, , 5.8E-6, 2.481, +403
+403, YESA, 1.0, .00267, 9.04E-5, 8.8E-7, , 3.4E-6, 2.481, +405
+405, , , , , 0.00, 0.0, , ,+406
+406, -0.01743, 0.0, -0.01743, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 5, 1, .00267, 9.04E-5, 8.8E-7, , 3.4E-6, 2.481, +503
+503, YESA, 1.0, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 2.656, +505
+505, , , , , 0.0, 0.0, , ,+506
+506, -0.01743, 0.0, -0.05364, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 6, 1, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 2.656, +603
+603, YESA, 1.0, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 3.181, +605
+605, , , , , 0.00, 0.0, , ,+606
+606, -0.05364, 0.0, -0.00738, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 7, 1, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 3.181, +703
+703, YESA, 1.0, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 3.327, +705
+705, , , , , 0.00, 0.0, , ,+706
+706, -0.00738, 0.0, 0.01475, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 8, 1, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 3.327, +803
+803, YESA, 1.0, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 2.525, +805
+805, , , , , 0.00, 0.0, , ,+806
+806, 0.01475, 0.0, 0.01811, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 9, 1, .00195, 9.04E-5, 8.8E-7, , 3.4E-6, 2.525, +903
+903, YESA, 1.0, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 2.729, +905
+905, , , , , 0.00, 0.0, , ,+906
+906, 0.01811, 0.0, 0.01811, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 10, 1, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 2.729, +1003
+1003, YESA, 1.0, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 1.474,+1005
+1005, , , , , 0.00, 0.0, , ,+1006
+1006, 0.01811, 0.0, -0.00079, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 11, 1, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 1.474, +1103
+1103, YESA, 1.0, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 2.204, +1105
+1105, , , , , 0.0, 0.00, , ,+1106
+1106, -0.00079, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 12, 1, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 2.204, +1203
+1203, YESA, 1.0, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 3.867, +1205
+1205, , , , , 0.00, 0.0, , ,+1206
+1206, 0.0, 0.0, -0.00402, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 13, 1, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 3.867, +1303
+1303, YESA, 1.0, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 0.8464, +1305
+1305, , , , , 0.00, 0.0, , ,+1306
+1306, -0.00402, 0.0, -0.0637, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 14, 1, .00195, 8.9E-5, 8.7E-7, , 3.3E-6, 0.8464, +1403
+1403, YESA, 1.0, .000692, 8.9E-5, 8.7E-7, , 3.3E-6, 0.321, +1405
+1405, , , , , 0.00, 0.00, , ,+1406
+1406, -0.0637, 0.0, -0.0637, 0.0, 0.0, 0.0, 0.0, 0.0
D.2 NASTRAN Instructions File
The first part contains the execution controls. Inside this part are set the name and ID of the project as
well as the solution the solver will have to use in order to compute the solution. The solution 106 is
usually used as indicated in the SOL field. It implies a non-linear statics calculation. The TIME entry
is a maximum calculation time in minutes. The line CEND indicates the end of the executive control
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cards.
The next part deals with the case control cards. First, a title, a label, a sublabel and a subtitle are
entered, indicating data about the case like the blade name or the rotor rotating speed. The SEALL=ALL
command indicates to NASTRAN that all the elements have to be be taken into account when generating
the matrices at the beginning. The SUBCASE command indicates that all the following commands will
be taken into account for one subcase only. Usually, one subcase is enough for a rotor calculation. The
LOAD command indicates the reference of the load that will be applied on the structure. Here, the load
ID 1 is applied, which is described at the end as the inertial force due to the rotation of the blade. The
NLPARM is used to control the incremental and iterative process. The SET field defines the parts of
the structure that will be taken into account for this subcase, all of them in our case. The DISP=ALL
command indicates that the displacements will be generated at every points of the set. The method of
calculation for the eigenvalues is set by the METHOD command. 10 represents the EIGR method. The
PARAM POST -1 instructions implies that a PATRAN output file will be written. The very small degrees
of freedom are removed by the PARAM AUTOSPC YES command. The reference point for the grid point
weight generator is set as the centre of the reference frame with the command PARAM GRDPNT 0.
Then the BULK data cards are written. This is indicated by the BEGIN BULK command. The
parameters GRDPNT and AUTOSPC are repeated. The parameter TINY defines the minimum percent-
age of strain energy compared to the maximum strain energy which will not be taken into account. The
MAXRATIO parameter defines the level of an eigenvalue from which the matrix is considered singular.
The COUPMASS parameter is set to one which means that the mass that will be generated will be cou-
pled rather than lumped. The parameter LGDISP is set to 1 meaning that the large displacements effects
will be taken into account. The non-linear normal modes are computed at the last iteration loop of the
subcase by setting NMLOOP to 1. The NLPARM command describes the iterative process. The TEST-
NEG parameter is set to 1 which means that the calculation will continue when negative parameters will
be encountered on the diagonal. The EIGR command sets the parameters of the eigenvalues calculation
like the method used (hereMGIV which is the modified Givens method), the frequency range of interest
(here 2.0 to 200) and the normalising method (here MAX). Depending on the use of the output, two
modes can be used for normalising the modes: MAX set each mode amplitude to 1 and is useful for
visualising the deformations while theMASSmode normalises the mode amplitude with the generalised
mass and is used for aeroelastic calculations. The RFORCE command allows to add an inertial force
due to a rotation. The first field is the load ID (here 1), the second field contains the ID of the grid node
at the centre of the rotation (usually node 1 is used in our models). Then the rotational speed in cycles
per time unit (usually the second) is entered (here 17.37, which corresponds to 17.37 RoundPerSec-
ond=1042RPM), the next three fields correspond to the coordinates of the rotation vector. The last field
contains an integer that gives the method used for the calculation of the inertial forces (here 2 means that
no offset is applied and has to be used with coupled masses). Finally, the blade geometry and properties
contained in the blade model files are included by the command INCLUDE ’name-of-model-file.model’
and the end of the calculation commands is indicated by the command ENDDATA.
PROJ=’S_76-Blade’
ID S76BLADE
SOL 106
TIME 20
CEND
TITLE=S76 MODEL
LABEL=ROTATION
SUBTITLE=0RPM
SUPER=ALL
TITLE=W3 TEST
SUBTITLE=MODES
SEALL=ALL
SUBCASE 1
LOAD=1
NLPARM=100
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SET 1=ALL
DISP=ALL
METHOD=10
PARAM POST -1
PARAM AUTOSPC YES
PARAM GRDPNT 0
BEGIN BULK
PARAM, TINY, 0.999
PARAM, GRDPNT, 0
PARAM, MAXRATIO, 1.+13
PARAM, COUPMASS,1
PARAM, AUTOSPC, YES
PARAM, LGDISP, 1
PARAM, NMLOOP, 1
NLPARM, 100, 2, , ITER, 1,
PARAM,TESTNEG,1
PARAM,TESTSE, 1.-10
EIGR,10,MGIV,0.0,200.,,,,1.0E-6,+EIG
+EIG,MAX
RFORCE, 1, 1, , 0., 0., 0., 1., 2
INCLUDE ’S_76_rectangular.model/W3-Sokol.model’
ENDDATA
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Appendix E
W3-Sokol Structural Model
MAT1, 1, 23E9, ,.31
$***************************************************
$ NEW ROOT ATTACHEMENT FOR ROTATION
$***************************************************
GRID, 1, , 0.0, 0.0, 0.0,,123456,
GRID, 2, , 0.589, 0.0, 0.0,,123456,
CELAS2,1,5000.0,2,6,3,6
CELAS2,2,5000.0,2,5,3,5
$ *****************************************
$ *****************************************
GRID, 3, , 0.589, -0.005, 0.0,,12346,
GRID, 4, , 0.936, -0.007, 0.0
GRID, 5, , 1.388, -0.006, 0.0
GRID, 6, , 1.840, 0.005, 0.0
GRID, 7, , 2.292, 0.009, 0.0
GRID, 8, , 2.744, 0.0035, 0.0
GRID, 9, , 3.196, 0.005, 0.0
GRID,10, , 3.422, 0.005, 0.0
GRID,11, , 3.648, -0.012, 0.0
GRID,12, , 3.874, -0.011, 0.0
GRID,13, , 4.100, -0.011, 0.0
GRID,14, , 4.326, -0.012, 0.0
GRID,15, , 4.552, -0.016, 0.0
GRID,16, , 4.778, -0.014, 0.0
GRID,17, , 5.004, -0.011, 0.0
GRID,18, , 5.230, -0.015, 0.0
GRID,19, , 5.456, 0.004, 0.0
GRID,20, , 5.682, 0.004, 0.0
GRID,21, , 5.908, -0.009, 0.0
GRID,22, , 6.134, -0.007, 0.0
GRID,23, , 6.360, -0.011, 0.0
GRID,24, , 6.586, -0.007, 0.0
GRID,25, , 6.812, -0.01, 0.0
GRID,26, , 7.038, -0.008, 0.0
GRID,27, , 7.264, -0.016, 0.0
GRID,28, , 7.527, 0.014, 0.0
GRID,29, , 7.772, 0.044, 0.0
GRID, 301, , 0.589, 0.0880, 0.0
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GRID, 401, , 0.936, 0.1365, 0.0
GRID, 501, , 1.388, 0.1765, 0.0
GRID, 601, , 1.840, 0.2250, 0.0
GRID, 701, , 2.292, 0.2290, 0.0
GRID, 801, , 2.744, 0.2235, 0.0
GRID, 901, , 3.196, 0.2250, 0.0
GRID,1001, , 3.422, 0.2250, 0.0
GRID,1101, , 3.648, 0.2080, 0.0
GRID,1201, , 3.874, 0.2090, 0.0
GRID,1301, , 4.100, 0.2090, 0.0
GRID,1401, , 4.326, 0.2080, 0.0
GRID,1501, , 4.552, 0.2040, 0.0
GRID,1601, , 4.778, 0.2060, 0.0
GRID,1701, , 5.004, 0.2090, 0.0
GRID,1801, , 5.230, 0.2050, 0.0
GRID,1901, , 5.456, 0.2240, 0.0
GRID,2001, , 5.682, 0.2240, 0.0
GRID,2101, , 5.908, 0.2110, 0.0
GRID,2201, , 6.134, 0.2130, 0.0
GRID,2301, , 6.360, 0.2090, 0.0
GRID,2401, , 6.586, 0.2130, 0.0
GRID,2501, , 6.812, 0.2100, 0.0
GRID,2601, , 7.038, 0.2120, 0.0
GRID,2701, , 7.264, 0.2040, 0.0
GRID,2801, , 7.527, 0.1855, 0.0
GRID,2901, , 7.772, 0.1740, 0.0
GRID, 302, , 0.589, -0.1080, 0.0
GRID, 402, , 0.936, -0.1505, 0.0
GRID, 502, , 1.388, -0.1885, 0.0
GRID, 602, , 1.840, -0.2150, 0.0
GRID, 702, , 2.292, -0.2110, 0.0
GRID, 802, , 2.744, -0.2165, 0.0
GRID, 902, , 3.196, -0.2150, 0.0
GRID,1002, , 3.422, -0.2150, 0.0
GRID,1102, , 3.648, -0.2320, 0.0
GRID,1202, , 3.874, -0.2310, 0.0
GRID,1302, , 4.100, -0.2310, 0.0
GRID,1402, , 4.326, -0.2320, 0.0
GRID,1502, , 4.552, -0.2360, 0.0
GRID,1602, , 4.778, -0.2340, 0.0
GRID,1702, , 5.004, -0.2310, 0.0
GRID,1802, , 5.230, -0.2350, 0.0
GRID,1902, , 5.456, -0.2160, 0.0
GRID,2002, , 5.682, -0.2160, 0.0
GRID,2102, , 5.908, -0.2290, 0.0
GRID,2202, , 6.134, -0.2270, 0.0
GRID,2302, , 6.360, -0.2310, 0.0
GRID,2402, , 6.586, -0.2270, 0.0
GRID,2502, , 6.812, -0.2300, 0.0
GRID,2602, , 7.038, -0.2280, 0.0
GRID,2702, , 7.264, -0.2360, 0.0
GRID,2802, , 7.527, -0.1575, 0.0
GRID,2902, , 7.772, -0.0860, 0.0
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$
$ CBEAM’s show the 2 connected grids and the reference pt. location
$ which indicates blade twist by changing the direction of the principle
$ plane of bending
$
CBEAM, 1, 1, 3, 4, 0.0, 0.98995, 0.14142,
CBEAM, 2, 2, 4, 5, 0.0, 0.99053, 0.13727,
CBEAM, 3, 3, 5, 6, 0.0, 0.99158, 0.12949,
CBEAM, 4, 4, 6, 7, 0.0, 0.99274, 0.12031,
CBEAM, 5, 5, 7, 8, 0.0, 0.99411, 0.10835,
CBEAM, 6, 6, 8, 9, 0.0, 0.99535, 0.09637,
CBEAM, 7, 7, 9,10, 0.0, 0.99643, 0.08437,
CBEAM, 8, 8,10,11, 0.0, 0.99738, 0.07237,
CBEAM, 9, 9,11,12, 0.0, 0.99818, 0.06035,
CBEAM,10,10,12,13, 0.0, 0.99853, 0.05425,
CBEAM,11,11,13,14, 0.0, 0.99883, 0.04833,
CBEAM,12,12,14,15, 0.0, 0.99911, 0.04222,
CBEAM,13,13,15,16, 0.0, 0.99934, 0.03629,
CBEAM,14,14,16,17, 0.0, 0.99954, 0.03019,
CBEAM,15,15,17,18, 0.0, 0.99971, 0.02426,
CBEAM,16,16,18,19, 0.0, 0.99984, 0.01815,
CBEAM,17,17,19,20, 0.0, 0.99993, 0.01204,
CBEAM,18,18,20,21, 0.0, 0.99998, 0.00611,
CBEAM,19,19,21,22, 0.0, 1.00000, 0.00000,
CBEAM,20,20,22,23, 0.0, 0.99998,-0.00593,
CBEAM,21,21,23,24, 0.0, 0.99993,-0.01204,
CBEAM,22,22,24,25, 0.0, 0.99984,-0.01798,
CBEAM,23,23,25,26, 0.0, 0.99971,-0.02408,
CBEAM,24,24,26,27, 0.0, 0.99955,-0.03002,
CBEAM,25,25,27,28, 0.0, 0.99935,-0.03612,
CBEAM,26,26,28,29, 0.0, 0.99912,-0.04205,
$RBAR
RBAR, 301, 3, 301,123456
RBAR, 401, 4, 401,123456
RBAR, 501, 5, 501,123456
RBAR, 601, 6, 601,123456
RBAR, 701, 7, 701,123456
RBAR, 801, 8, 801,123456
RBAR, 901, 9, 901,123456
RBAR,1001,10,1001,123456
RBAR,1101,11,1101,123456
RBAR,1201,12,1201,123456
RBAR,1301,13,1301,123456
RBAR,1401,14,1401,123456
RBAR,1501,15,1501,123456
RBAR,1601,16,1601,123456
RBAR,1701,17,1701,123456
RBAR,1801,18,1801,123456
RBAR,1901,19,1901,123456
RBAR,2001,20,2001,123456
RBAR,2101,21,2101,123456
RBAR,2201,21,2201,123456
RBAR,2301,22,2301,123456
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RBAR,2401,23,2401,123456
RBAR,2501,24,2501,123456
RBAR,2601,25,2601,123456
RBAR,2701,26,2701,123456
RBAR,2801,27,2801,123456
RBAR,2901,28,2901,123456
RBAR, 302, 3, 302,123456
RBAR, 402, 4, 402,123456
RBAR, 502, 5, 502,123456
RBAR, 602, 6, 602,123456
RBAR, 702, 7, 702,123456
RBAR, 802, 8, 802,123456
RBAR, 902, 9, 902,123456
RBAR,1002,10,1002,123456
RBAR,1102,11,1102,123456
RBAR,1202,12,1202,123456
RBAR,1302,13,1302,123456
RBAR,1402,14,1402,123456
RBAR,1502,15,1502,123456
RBAR,1602,16,1602,123456
RBAR,1702,17,1702,123456
RBAR,1802,18,1802,123456
RBAR,1902,19,1902,123456
RBAR,2002,20,2002,123456
RBAR,2102,21,2102,123456
RBAR,2202,21,2202,123456
RBAR,2302,22,2302,123456
RBAR,2402,23,2402,123456
RBAR,2502,24,2502,123456
RBAR,2602,25,2602,123456
RBAR,2702,26,2702,123456
RBAR,2802,27,2802,123456
RBAR,2902,28,2902,123456
$ PBEAM FORMAT
$PBEAM, PID MID, A, I1, I2, I12, J, NSM, +P2 (FOR GRID A)
$ PBEAM FORMAT
$PBEAM, PID MID, A, I1, I2, I12, J, NSM, +P2 (FOR GRID A)
$+P2, C1, C2, D1, D2, E1, E2, F1, F2, +P3 (NOT USED) . .
$+P3, SO, X/XB, A, I1, I2, I12, J, NSM, +P4 (FOR GRID B=X/XB)
$+P4, C1, C2, D1, D2, E1, E2, F1, F2, +P5 (NOT USED)
$+P5, K1, K2, S1, S2, NSI(A), NSI(B), CW, CW, +P6 (NSI=MASS INERTIA ABOUT CG)
$+P6, M1, M2, M1, M2, N1, N2, N1, N2 (M1,M2 = Y,Z OFFSET OF CG FROM SHEAR CTR)
$
PBEAM, 1, 1, .0017814, 4.42E-005, 3.77E-005, , 25.74E-7, 36.398, +102
+102, , , , , , , , , +103
+103, YESA, 1.0, .0034577, 1.18E-005, 1.22E-006, , 21.64E-7, 9.16, +105
+105, , , , , 0.0, 0.0, , ,+106
+106, 0.006, 0.0, 0.0095, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 2, 1, .0034577, 1.18E-005, 1.22E-006, , 21.64E-7, 9.16, +203
+203, YESA, 1.0, .005593, 1.45E-005, 1.19E-006, , 20.62E-7, 8.719, +205
+205, , , , , 0.0, 0.0, , ,+206
+206, 0.0095, 0.0, 0.016, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 3, 1, .005593, 1.45E-005, 1.19E-006, , 20.62E-7, 8.719, +303
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+303, YESA, 1.0, .008127, 2.14E-005, 1.15E-006, , 16.40E-7, 8.29, +305
+305, , , , , 0.0, 0.00, , ,+306
+306, 0.016, 0.0, 0.013, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 4, 1, .008127, 2.14E-005, 1.15E-006, , 16.40E-7, 8.29, +403
+403, YESA, 1.0, .008127, 2.20E-5, 6.69E-7, , 18.34E-7, 7.396, +405
+405, , , , , 0.00, 0.0, , ,+406
+406, 0.013, 0.0, 0.0115, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 5, 1, .008127, 2.20E-5, 6.69E-7, , 18.34E-7, 7.396, +503
+503, YESA, 1.0, .008127, 3.55E-5, 9.88E-7, , 17.66E-7, 6.828, +505
+505, , , , , 0.0, 0.0, , ,+506
+506, 0.0115, 0.0, 0.016, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 6, 1, .008127, 3.55E-5, 9.88E-7, , 17.66E-7, 6.828, +603
+603, YESA, 1.0, .008127, 1.97E-5, 7.27E-7, , 16.74E-7, 6.314, +605
+605, , , , , 0.00, 0.0, , ,+606
+606, 0.016, 0.0, 0.014, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 7, 1, .008127, 1.97E-5, 7.27E-7, , 16.74E-7, 6.314, +703
+703, YESA, 1.0, .008127, 1.99E-5, 1.16E-6, , 16.29E-7, 6.257, +705
+705, , , , , 0.00, 0.0, , ,+706
+706, 0.014, 0.0, 0.0125, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 8, 1, .008127, 1.99E-5, 1.16E-6, , 16.29E-7, 6.257, +803
+803, YESA, 1.0, .008127, 2.22E-5, 4.54E-7, , 15.72E-7, 7.624, +805
+805, , , , , 0.00, 0.0, , ,+806
+806, 0.0125, 0.0, 0.0305, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 9, 1, .008127, 2.22E-5, 4.54E-7, , 15.72E-7, 7.624, +903
+903, YESA, 1.0, .008127, 2.19E-5, 1.77E-7, , 15.37E-7, 7.69, +905
+905, , , , , 0.00, 0.0, , ,+906
+906, 0.0305, 0.0, 0.0315, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 10, 1, .008127, 2.19E-5, 1.77E-7, , 15.37E-7, 7.69, +1003
+1003, YESA, 1.0, .008127, 2.29E-5, 5.12E-7, , 15.04E-7, 7.796,+1005
+1005, , , , , 0.00, 0.0, , ,+1006
+1006, 0.0315, 0.0, 0.032, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 11, 1, .008127, 2.29E-5, 5.12E-7, , 15.04E-7, 7.796, +1103
+1103, YESA, 1.0, .008127, 2.35E-5, 7.92E-7, , 14.81E-7, 8.04, +1105
+1105, , , , , 0.0, 0.00, , ,+1106
+1106, 0.032, 0.0, 0.034, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 12, 1, .008127, 2.35E-5, 7.92E-7, , 14.81E-7, 8.04, +1203
+1203, YESA, 1.0, .008127, 2.34E-5, 6.50E-7, , 14.46E-7, 7.712, +1205
+1205, , , , , 0.00, 0.0, , ,+1206
+1206, 0.034, 0.0, 0.0375, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 13, 1, .008127, 2.34E-5, 6.50E-7, , 14.46E-7, 7.712, +1303
+1303, YESA, 1.0, .008127, 2.41E-5, 5.38E-7, , 14.12E-7, 7.779, +1305
+1305, , , , , 0.00, 0.0, , ,+1306
+1306, 0.0375, 0.0, 0.0345, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 14, 1, .008127, 2.41E-5, 5.38E-7, , 14.12E-7, 7.779, +1403
+1403, YESA, 1.0, .008127, 2.37E-5, 6.27E-7, , 13.67E-7, 7.726, +1405
+1405, , , , , 0.00, 0.00, , ,+1406
+1406, 0.0345, 0.0, 0.031, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 15, 1, .008127, 2.37E-5, 6.27E-7, , 13.67E-7, 7.726, +1503
+1503, YESA, 1.0, .008127, 2.67E-5, 8.92E-7, , 13.44E-7, 8.084, +1505
+1505, , , , , 0.00, 0.0, , ,+1506
+1506, 0.031, 0.0, 0.035, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 16, 1, .008127, 2.67E-5, 8.92E-7, , 13.44E-7, 8.084, +1603
+1603, YESA, 1.0, .008127, 4.46E-5, 8.62E-7, , 13.21E-7, 8.31, +1605
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+1605, , , , , 0.00, 0.0, , ,+1606
+1606, 0.035, 0.0, 0.016, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 17, 1, .008127, 4.46E-5, 8.62E-7, , 13.21E-7, 8.31, +1703
+1703, YESA, 1.0, .008127, 4.57E-5, 7.27E-7, , 12.87E-7, 8.288, +1705
+1705, , , , , 0.00, 0.0, , ,+1706
+1706, 0.016, 0.0, 0.016, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 18, 1, .008127, 4.57E-5, 7.27E-7, , 12.87E-7, 8.288, +1803
+1803, YESA, 1.0, .008127, 3.11E-5, 9.42E-7, , 12.53E-7, 8.168, +1805
+1805, , , , , 0.00, 0.00, , ,+1806
+1806, 0.016, 0.0, 0.0295, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 19, 1, .008127, 3.11E-5, 9.42E-7, , 12.53E-7, 8.168, +1903
+1903, YESA, 1.0, .008127, 3.13E-5, 6.85E-7, , 11.62E-7, 8.221, +1905
+1905, , , , , 0.00, 0.0, , ,+1906
+1906, 0.0295, 0.0, 0.028, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 20, 1, .008127, 3.13E-5, 6.85E-7, , 11.62E-7, 8.221, +2003
+2003, YESA, 1.0, .008127, 2.94E-5, 7.62E-7, , 11.16E-7, 7.655, +2005
+2005, , , , , 0.00, 0.00, , ,+2006
+2006, 0.028, 0.0, 0.0325, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 21, 1, .008127, 2.94E-5, 7.62E-7, , 11.16E-7, 7.655, +2103
+2103, YESA, 1.0, .008127, 3.05E-5, 7.50E-7, , 10.59E-7, 7.765, +2105
+2105, , , , , 0.00, 0.00, , ,+2106
+2106, 0.0325, 0.0, 0.0295, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 22, 1, .008127, 3.05E-5, 7.50E-7, , 10.59E-7, 7.765, +2203
+2203, YESA, 1.0, .008127, 3.04E-5, 6.23E-7, , 10.48E-7, 7.739, +2205
+2205, , , , , 0.00, 0.00, , ,+2206
+2206, 0.0295, 0.0, 0.0325, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 23, 1, .008127, 3.04E-5, 6.23E-7, , 10.48E-7, 7.739, +2303
+2303, YESA, 1.0, .008127, 3.08E-5, 3.15E-7, , 7.17E-7, 7.615, +2305
+2305, , , , , 0.00, 0.00, , ,+2306
+2306, 0.0325, 0.0, 0.0305, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 24, 1, .008127, 3.08E-5, 3.15E-7, , 7.17E-7, 7.615, +2403
+2403, YESA, 1.0, .008127, 2.14E-5, 3.08E-7, , 21.64E-8, 13.449, +2405
+2405, , , , , 0.000, 0.000, , ,+2406
+2406, 0.0305, 0.0, 0.037, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 25, 1, .008127, 2.14E-5, 3.08E-7, , 21.64E-8, 13.449, +2503
+2503, YESA, 1.0, .004939, 7.71E-6, 3.35E-7, , 18.22E-8, 4.257, +2505
+2505, , , , , 0.000, 0.00, , ,+2506
+2506, 0.037, 0.0, 0.0045, 0.0, 0.0, 0.0, 0.0, 0.0
PBEAM, 26, 1, .004939, 7.71E-6, 3.35E-7, , 18.22E-8, 4.257, +2603
+2603, YESA, 1.0, .002838, 3.15E-6, 3.35E-7, , 12.41E-8, 3.848, +2605
+2605, , , , , 0.00, 0.000, , ,+2606
+2606, 0.0045, 0.0, -0.028, 0.0, 0.0, 0.0, 0.0, 0.0
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